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A B S T R A C T
The a im  o f  t h i s  r e s e a r c h  i s  t o  model th e  c o n tin u o u s  le a c h in g  o f  p a r t i c l e s  
i n  m u l t ip le  w e l l-m ix e d  t a n k s ,  ta k in g  in to  c o n s id e r a t i o n  th e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  o f  th e  f e e d . I t  i s  d e s i r e d  t h a t  t h e  m odel answ er su c h  
q u e s t io n s  a s  th e  ta n k  volum es r e q u i r e d  f o r  a g iv e n  le a c h  e f f i c i e n c y .
The m odel i s  d e v e lo p e d  u s in g  a p a r t i c l e  number b a la n c e  o v e r  e a c h  ta n k  in  
t h e  sy s te m . I t  i s  assum ed t h a t  eac h  p a r t i c l e  d e c r e a s e s  in  s i z e  u n ifo rm ly  
a c c o rd in g  t o  th e  i d e a l  s h r in k in g  p a r t i c l e  m ode l. E x p er im e n ts  c o n s i s t i n g  
o f  th e  le e c h in g  o f  i r o n  p a r t i c l e s  by a  f e r r i c  s u lp h a te  s o lu t io n  a re  c o n ­
d u c te d  t o  a s c e r t a i n  how th e  model can  b e  a p p l ie d  t o  a p r a c t i c a l  sy s te m .
The m a jo r  c o n c lu s io n s  o f  th e  r e s e a r c h  a r e  t h a t  a  s in g l e  ta n k  can  b e  s u c ­
c e s s f u l l y  m o d e lle d  u s in g  a d im e n s io n  l e s s  g r a p h ic a l  te c h n iq u e ,  w hich  a l ­
lows o n e , f o r  any f e e d  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  to  d e te rm ’ i e th e  volum e 
o f  t h e  ta n k  r e q u i r e d  f o r  a g iv e n  le a c h  e f f i c i e n c y .  F o r m u l t i p l e  s t i r r e d  
ta n k s  i n  s e r i e s  th e  m odel i s  a b le  t o  p r e d i c t  t h e  c o n v e rs io n  o v e r  eac h  
ta n k ,  b u t  a.i i t e r a t i v e  p ro c e d u re  i s  r e q u i r e d  t o  d e te rm in e  th e  volum e o f  
t h e  s e t  o f  ta n k s  t o  y i e l d  a r e q u i r e d  o v e r a l l  le a c h  e f f i c i e n c y .
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T a b le  o f  C o n te n ts
1 IN T R O D U C T IO N
The m in e r a l  i n d u s t r y  i s  an i n t e g r a l  p a r t  o f  S ou th  A f r i c a 's  economy and 
net# and  im proved  p r o c e s s e s  t o  e x t r a c t  m in e r a ls  from  t h e i r  o r e s  a r e  c o n ­
t i n u o u s ly  b e in g  s o u g h t .  Of t h e s e  th e  h y d r o m o ta l lu r g ic o l  m ethods a r e  b e in g  
p r e f e r r e d  o v e r  th e  p y r o m e t n l lu r g ic a l  m ethods s in c e  th e y  y i e l d  a b e t t e r  
q u a l i t y  p r o d u c t ,  a re  l e s s  p o l l u t i n g  and in  many c a s e s  a re  more e f f i c i e n t .
The aim  o f  t h i s  r e s e a r - h  i s  t o  d e r iv e  a s im p l i f i e d  model to  d e s c r ib e  
le a c h in g  in  m u l t i p l e  w e l l-m ix e d  ta n k s  in  s e r i e s .  The m odel w i l l  a t te m p t 
t o  answ er su c h  q u e s t io n s  a s  th e  volum e and  th e  number o f  ta n k s  r e q u i r e d  
to  a c h ie v e  a g iv e n  le a c h  e f f i c i e n c y  a s  w e l l  a s  th e  le a c h  e f f i c i e n c y  ob ­
t a in e d  from  a g iv e n  number and volume o f  ta n k s .  The m odel was d e v e lo p e d  
from  p a r t i c l e  number b a la n c e  o v e r  th e  i t h  ta n k  in  a s e r i e s  o f  n  w ell-m i% "d 
t a n k s .  The b a la n c e  g av e  a  f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t io n  w hich  was 
s o lv e d  t o  g iv e  th e  s i z e  d i s t r i b u t i o n  and  th e  r a t i o  o f  th e  num ber o f  p a r ­
t i c l e s  e n t e r in g  to  th o s e  e x i t i n g  th e  i ^  ta n k  and th u s  t h e  c o n v e r s io n . 
To s im p l i f y  th e  a lg e b r a  o f  t h r  model th e  c h em ic a l r e a c t i o n  o f  th e  p a r t i ­
c l e s  was d e s c r ib e d  by th e  s h r in k in g  p a r t i c l e  m echanism  ( L e v e n s p ie l ,  
1 9 7 2 ). The m odel c an  how ever be e x te n d e d  t o  in c o r p o r a te  o th e r  r e a c t i o n  
s y s te m s .
L a b o r a to ry - s c a le  e x p e r im e n ts  w ere  c o n d u c t* t  t o  v e r i f y  th e  m odel and en ­
t a i l e d  th e  le a c h in g  o f  i r o n  p a r t i c l e s  by  a . r i c  s u lp h a te  s o l u t i o n  in  
tw o w e ll-m ix e d  ta n k s  p la c e d  in  s e r i e s .  T b i i  r t - a c t io . .  was c h o sen  f o r  i t s  
s im n lc  k i n e t i c s ,  b u t  i t  m ust b e  b o rn e  in  mind t h a t  any r e a c t i o n  whose 
k i n e t i c s  a r e  known c an  u se d  in  th e  m ode l.
INTRODUCTION
A l i t e r a t u r e  s u r v e y  was c o n d u c te d  b u t  r e v e a le d  few r e l e v a n t  a r t i c l e s .  
T hose  t h a t  w ere  found  a re  p r e s e n te d  h e r e .  i" V e n sp .ie l (1972) a p p l ie s  th e  
r e s id e n c e  tim e  d i s t r j o u t i o n  o f  a w e ll-m ix e d  ta n k  to  th e  s h r in k in g  c o re  
and s h r in k in g  p a r t i c l e  m odels t o  o b t a in  th e  le a c h  e f f i c i e n c y  in  a  s in g l e  
ta n k  f o r  a  fee d  o f  u n ifo rm  p a r t i c l e  s i z e .  He in c lu d e s  a n u m e r i c a l ly  g iv e n  
f e e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  by a p p ly in g  h i s  model o v e r  eac h  o f  th e  
d i s c r e t e  s i z e  r a n g e s .  Hu d o e s n o t  p r e d i c t  t h e  s i z e  d i s t r i b u t i o n  in  th e  
o u t l e t  o f  th e  ta n k  and th e r e f o r e  h i s  e q u a t io n s  c a n n o t be e x ten d e d  to  
m u lt ip le , t a n k s .
L oveday (1975) b a s e s  h i s  e q u a t io n s  on a sy s te m  in v o lv in g  a u n ifo rm  s i z e  
f e e d  to  a s in g l e  ta n k  w i th  an o v e rf lo w  o f  le a c h  l iq u o r  and w ith  th e  com­
p l e t e  d i s s o l u t i o n  o f  th e  p a r t i c l e s  in  th e  ta n k .  The s i z e  d i s t r i b u t i o n  in  
th e  ta n k  i s  e a s i l y  c a l c u l a t e d  s in c e  th e r e  w i l l  b e  an o q u a i number o f  
p a r t i c l e s  in  eac h  s i z e  ran g e  due to  th e  co m p le te  d i s s o l u t i o n  o f  th e  p a r ­
t i c l e s  i n  th e  t a n k .  The model le n d s  i t s e l f  e a s i l y  t o  t h e  in c o rp o r a t io n  
o f  a f e e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  b u t i s  n o t e x ten d a b le , t o  in c lu d e  
m u l t ip le  w e l l-m ix e d  ta n k s .
S e p u lv e d a  and H e rb s t (1976 ) u se  th e  p a r t i c l e  b a la n c e  a p p ro a ch  b u t  do n o t  
c o n s id e r  e x p re s s in g  th e  le a c h  e f f i c i e n c y  in  te rm s  o f  th e  moments o f  th e  
f e e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  and a  d im e n s io n lo s s  number t h a t  i s  a 
f u n c t io n  o f  th e  sy s te m  v a r  ; .e s  w hich  s im p l i f i e s  th e  m odel.
T re y b a l (19 8 1 j d e s c r ib e s  an a p p ro a ch  t h a t  u se s  e x p e r im e n ta l d a t a ,  b u t t h i s  
r e q u i r e s  a new s e t  o f  e x p e r im e n ts  f o r  each  c o n f ig u r a t io n  o f  th e  sy stem  
v a r i a b l e s .
INTRODUCTION
The i d e a l  s h r in k in g  p a r t i c l e  m odal ( L e v e n s p ie l ,  1972) i s  a m odel t o  d e ­
s c r i b e  th e  way a p a r t i c l e  b e h av e s  upon r e a c t i n g .  I t  h a s  tw o b as '"c  a s ­
s u m p t io n s , t h e  f i r s t  b e in g  t h a t  th e  p a r t i c l e  i s  n o n -p c ro u s  and th e r e f o r e  
r e a c t i o n  o c c u r s  o n ly  a t  th e  s u r f a c e  o f  th e  p a r t i c l e ,  The se co n d  i s  t h a t  
r e a c t e d  m a te r ia l  i s  r e le a s e d  from  th e  p a r t i c l e  w ith o u t  a f f e c t i n g  th e  r e ­
a c t io n  r a t e .
The id e a l  s h r in k in g  p a r t i c l e  m odel c an  be  e x p re s s e d  m a th e m a tic a l ly  
d/R(l i / d t  = -  k .P  a i i ) u
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THEORY
T h e r e fo r e
Ui  = " k ^ ^ w / 3 p  • . . ( 1 )
i e .  t h e  i d e a l  s h r in k in g  p a n i c l e  m odel assum es  i s  in d e p e n d e n t o f  t .  
C o n d u c tin g  a p a r t i c l e  b a la n c e  f o r  th e  i r h  t a n k ,  in  t h e  s i z e  ra n g e  1 to
th e  num ber o f  p a r H d e s  e n t e r in g  th e  i t t l  (fro m  t a n k  i - 1 )  = t h e  number o f  
p a r t i c l e s  le a v in g  che i t t l  ta n k  + th e  num ber o f  p a r t i c l e s  e n t e r in g  th e  s i z e  
r a n g e  t  t o  ?+d£ a s  s  r e s u l t  o f  r e a c t i o n .
and a ssu m in g  :
1 . th e  sy s te m  i s  a t  s te a d y  s t a t e .
2 .  t h e  ta n k s  a re  w e l l  m ixed .
3 . t h e  i d e a l  s h r in k in g  p a r t i c l e  m odel a p p l i e s .
4 . t h e  volum e f lo w ra te  th ro u g h  th e  ta n k s  i s  c o n s t a n t .
t h i s  c an  be m a th e m a tic a l ly  e x p re s s e d  a s :  (S ee  "A ppendix  A. D e t a i le d
th e o ry "  on p ag e  35)
d f  .(Z )/dH  - a . f . U )  =
w here : f ^ f l j d Z  = f r a c t i o n  o f  p a r t i c l e s  i n  ta n k  i  w ith
s i z e s  b e tw een  i  and £+ d t 
N. = n o . o f  p a r t i c l e s  i n  ta n k  i  p e r  u n i t  volum e
o f  s o lu t io n  
Q = v o lu m e tr ic  f lo h - ra te  o f  s o lu t io n
u . = p a r t i c l e  g ro w th  r a t e  in  Lank i
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=  volum e o f  ta n k  i  
o i  =
i n t e g r a t i n g  t h i s  g iv e s
f . ( H I  = a . B , e x p ( o . a )  e x p ( - e . Z ' ) f ,  (l')dt' . . . ( 2 )
1 -i. x  j  £
w h ere : 1 /S ^  = I  " |  e x p t - o ^ l ’ ) f [ K 1) d f ’ . - - ( 3 )
and  u s in g  t h i s  e q u a t io n  th e  f o l lo w in g  moments may b e  c a lc u la t e d
ni  = j 0 E f i ( l ) d £  = Pi n i - l  " 1 /a i
a i  = }0 £ l f i ^ ) d l  = 6 i a i - l  '  ^ i ^ i
S . = -  S , ^ . ,  -  3 = V a i
. . .  (4 ) 
. . . ( 5 ) 
. . ( 6 )
T h e r e fo r e  £ .  can  b e  o b ta in e d  in  te rm s  o f  i t , , a ,  and £ , and  th e  o v e r a l l  
f r a c t i o n a l  c o n v e r s io n  c an  be e x p re s s e d  in  te rm s  o f  t h e  t h i r d  moment as 
shown in  A ppendix  A.
C =  i  -  f f  / ( . ;  n 1 /p ,
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C o n v e r s io n  o v e r  o n e  t a n k
U sin g  th e  above  e q u a tio n s  and d e f in in g :
w h ere  t ,  i s  t h e  tim e, ta k e n  f o r  th e  a v e ra g e
s i z e d  p a r t i c l e  t o  b e  c o m p le te ly  V jached .
T , =  ( V , / Q ) / t ,*
t h e  f o l lo w in g  c an  b e  d e r iv e d  by c om bin ing  e q u a tio n s  (1 ) th r o u g h ( 7 )  (S ee  
"A ppendix  A. D e t a i l e d  th e o ry "  on page  35)
C, =  - 6 T ,1 + a x . ’ / B . l u , 3) / ? ,  . . - ( 6 )
w h ere : T , = (ui*/3p) ( V , / Q ) k ^ | / r i :  . - - ( S )
1 / B ,  =  1  -  |  B X p C - a i l ' l E o t e ' l d Z '  . . . C I O )
= , - 1 /H o T ,  . . . ( 1 1 )
The s i z e  d i s t r i b u t i o n  in  th e  o u t l e t  s t r e a m  i s  g iv e n  by
f , ( I )  = O iB iS X p fa it)  |  e x p ( - t t , £ ') £ « ( i l )dfc' . . . ( 1 2 )
U sing  e q u a t io n  (8 )  a g rap h  o f  G v s . T can  b e  p l o t t e d .  U sing  th e  g ra p h  in  
c o n ju n c t io n  w ith  (9 ) th e  r e q u i r e d  ta n k  volum e f o r  a p a r t i c u l a r  c o n v e r s io n  
can  b e  c a l c u l a t e d  n o t in g  t h a t  i s  a  f u n c t i o n  o f  t h e  c o n c e n t r a t io n s  in  
th e  ta n k  and  th u s  a l s o  o f  th e  c o n v e r s io n .
A p l o t  o f  C v s .  T was made u s in g  th e  s i z e  d i s t r i b u t i o n  u se d  f o r  th e  e x ­
p e r im e n ts .  The s i z e  d i s t r i b u t i o n  i s  c a l c u l a t e d  in  S e c t io n  3 .3  and th e  p l o t  
i s  shown in  F ig u re  1 on page  7.
The d e t a i l e d  d e r i v a t i o n  f o r  th e  above th e o ry  c an  b e  found  in  "A ppendix  
A. D e t a i le d  th e o ry "  on p ag e  35.
THEORY
F ig u re  1- P l o t  o f  f r a c t i o n a l  le a c h  e f f i c i e n c y  v s  T
THEORY
3 EXPERIM EN TAL METHOD
3 .1  SEL E C T IO N  O F TH E  REA CTIO N
A r e a c t i o n  Chat a p p ro x im a te ;, i d e a l  s h r in k in g  p a r t i c l e  b e h a v io u r  was r e ­
q u i r e d .  f o r  t h i s  a  p a r t i c l e  s a t i s f y i n g  th e  f o l lo w in g  c o n d i t io n s  i s  n eed ed . 
The p a r t i c l e  needed  to :
1. h av e  few im p u r i t i e s .
2 . n o t  b e  to o  i r r e g u l a r .
3 . form  no a sh  la y e r  upon le a c h in g .
4 . b e  o f  a m anageable  s i z e .
An a d d i t i o n a l  r e q u ire m e n t f o r  th e  r e a c t i o n  was t h a t  i t  s h o u ld  be  e a sy  to  
m ode l.
I t  was d e c id e d  t h a t  th e  le a c h in g  o f  i r o n  p a r t i c l e s  by f e r r i c  s u lp h a te  
w ould c o n s t i t u t e  a s u i ta b le !  r e a c t i o n  f o r  th e  f o l lo w in g  r e a s o n s .
1. I r o n  p a r t i c l e s  w ere  o b ta in a b l e  w ith  a maximum o f  tw o p e rc e n t  im p u r i-
2 . The p a r t i c l e s  w ere  o b se rv e d  th ro u g h  a  m ic ro sco p e  and found  f o  s a t i s f y  
th e  above c o n d i t io n s .  The p h o to g ra p h  h as be en  r e d u c e d , f o r  conven­
i e n c e ,  from  th e  o r i g i n a l ,  f s e e  "A ppendix  M. P h o to g ra p h  o f  t h e  i r o n  
p a r t i c l e s "  on p ag e  72)
3 . I r o n  form s no a sh  la y e r  upon le a c h in g .
EXPERIMENTAL METHOD
The f e r r i c  s u lp h a te  was n o t  r e a d i l y  a v a i l a b l e  : 
o x id i s in g  f e r r o u s  s u lp h a te  u s i i .=, hy d ro g en  p e ro x id e .  
The m ethod i s  d e s c r ib e d  in  S e c t io n  3 .2
EXPERIMENTAL METHOD
3 .2  O X ID A TIO N  OF FERROUS TO FERRIC SULPHATE
F e r ro u s  s u lp h a te  i s  o x id is e d  a s  f o l lo w s .
2FeS0u + K2S0„ + H .O , -> F t-a lS O .j j + 2H,0
A low pH was d e s i r a b l e  s in c e  a t  h ig h  p H 's  th e  f e r r i c  s u lp h a te  i s  in s o l u ­
b l e .  However th e  pH c o u ld  n o t  b e  t o o  low s in c e  t h i s  c a u se s  a  s i g n i f i c a n t
in c r e a s e  i n  the. r e a c t i o n  o f  th e  h yd rogen  io n s  w ith  th e  i r o n .
The s o lu t i o n  s to r a g e  c a p a c i ty  f o r  each  run was 35 l i t r e s  and t o  p ro d u ce  
t h i s  th e  f o l lo w in g  r e a c t a n t s  a re  r e q u i r e d .
35 t  11,0
7 kg F eS O ,. 7HZ0
660 ml 98% H ,S04
1 I  30% H ,0 ,
( s e e  "A ppendix  C. O x id a t io n  o f  f e r r o u s  s u lp h a te "  on page 44)
The s o lu t io n  was a n a ly s e d  a s  f o l lo w s :
1. t h e  t o t a l  aqueous i r o n  c o n c e n t r a t io n  was o b ta in e d  by A.A.
s p e c tr o s c o p y .
2 . t h e  f e r r i c  io n  c o n c e n t ra t io n  was d e te rm in e d  by th e  t i t r a t i o n  a s  shown 
in  "A ppendix  D. T i t r a t i o n  i o r  F e r r i c  io n "  on page 46.
3 . t h e  f e r r o u s  io n  c o n c e n t ra t io n  was d e te rm in e d  from  th e  d i f f e r e n c e  o f
th e  above two c o n c e n t r a t io n s .
4 . th e  H ,S 0h c o n c e n t ra t io n  was d e te rm in e d  by th e  t i t r a t i o n  a s  shown in  
"A ppendix  E . T i t r a t i o n  f o r  S u lp h u r ic  a c id "  on page 47 .
EXPERIMENTAL METHOD
3 .3  FEED  P A R T IC L E  SIZ E  D IS T R IB U T IO N
The num ber d e n s i ty  f u n c t io n  o f  th e  p a r t i c l e s  was o b ta in e d  from  tw o i n ­
d e p e n d e n t m e th o d s .
F o r  t h e  f i r s t  m ethod  p h o to g ra p h s  w are  ta k e n  th ro u g h  a  m ic ro sc o p e  o f  th e  
p a r t i c l e s  on m il l im e tr e ' g m p h  p a p e r  iso p  "A ppendix  M. P h o to g ra p h  o f  th e  
i r o n  p a r t i c l e s "  on page  7 2 1 . I t  wok s e e n  t h a t  t h e  p a r t i c l e s  a p p ro x im a te d  
e l l i p s o i d s  and th e  maximum and minimum d ia m e te r s  o f  e a c h  p a r t i c l e  m eas­
u re d -  T h ese  m easurem ents! w ere  u se d  in  fl p rog ram  ( se e  "A ppendix  G. Program  
l "  on page  491 to  c a l c u l a t e  th e  s i z e  d i s t r i b u t i o n  and sh a p e  f a c t o r .  The 
sh a p e  f a c t o r  * was c a l c u l a t e d  by th e  program  t o  b e  4 ,7  ,
A KONTRON IBAS imagp a n a ly s e r  was, u se d  f o r  th e  second  m ethod . The image 
a n a ly s e r  u s e s  a T .V  cam era to  s c a n  a  m ounted p o l i s h e d  sam ple  and  th e n  
c a l c u l a t e s  th e  d i s t r i b u t i o n  u s in g  s t a t i s t i c a l  m ethods (K ing , 1984"), The 
o u tp u ts  from  th e  a n a ly s e r  a r e  in  th e  fo rm  g ra p h s  o f  th e  p a r t i c l e  s i z e  v s . 
th e  m ass f r a c t i o n  s m a lle r  th a n  . . .a t  F o u r ru n s  w ere made and The
g rap h s  a re  shown in  "A ppendix  h . G raphs from  th ti  image a n a ly s e r "  on page 
70 . A prog ram  ( s e e  "A ppendix  H. Program  2"  on page  52) was u se d  to  
e v a lu a te  th e  num ber d e n s i ty  f u n c t io n  from  th o s e  g r a p h s .
The moments w ere  c a l c u l a t e d  and th e  f i r s t  m om ent, i . e .  th e  mean p a r t i c l e  
s i z e ,  was found  to  be 200 pm.
P a r t i c l e s  J e s s  th<sri 200 urn wo.rr n o t r.ona iiio rpri s i n c e  th e y  c o n s t i t u t e d  a 
v e ry  s m a ll  f r a c t i o n  o i  th e  mass and w ere  u n r e l i a b l e  due  to  n o is e  i n  th e  
g ra p h s  w hich  i s  a m p lif ie d  uoon c o n v e rs -o n  from  mass f r a c t i o n  t o  number 
f r a c t i o n ,
EXPERIMENTAL METHOD
The s i z e  d i s t r i b u t i o n s  o b ta in e d  from  b o th  m ethods a r e  shown in  F ig u re  2 
on p ag e  12. From th e  g ran b  we se e  t h a t  b o th  m ethods y i e ld  a p p ro x im a te ly  
th e  same d i s t r i b u t i o n .  • v h is  r e a so n  and s in c e  l a r g e r  e r r o r s  w ere .in­
c u rr e d  from  p a r t i c l e  s i z e ,  njz m easu red  m a n u a lly  from  th e  p h o to g rap h s  
in  th e  f i r s t  m ethod , th e  s.ur d i s t r i b u t i o n  o b ta in e d  from  th e  im age a n a ­
ly s e r  was u se d  fo r  a l l  th e  c n l c u ’ a t i o n s .
The s i z e  d i s t r i b u t i o n  u se d  i s  g iv e n  n u m e r i c a l ly  in  "A ppendix  K. F eed  s i z e  
d i s t r i b u t i o n "  on page  09.
SIZE (MICRONS)
F ig u re  2 . F eed  p a r t i c l e  size- d i s t r i b u t i o n .
L egend :     d i s t r i b u t i o n  from  p h o to g ra p h s
  ------- d i s t r i b u t i o n  f rom image a n a ly s e r
EXPERIMENTAL METHOD
3 .4  S IZING  OF THE TANKS
An a p p ro x im a te  v a lu e  o f  d f t/d t was o b ta in e d  a s  f o l lo w s .
A p a r t i c l e  was p la c e d  in  fl b e a k e r  o f  f o r r i c  s u lp h a te  on a m a g n e tic  s t i r r e r  
w ith  a m ic ro sc o p e  and cam era above i t .  The p a r t i c l e  was a p p ro x im a te d  to  
an e l l i p s o i d  cind th u s  tlio  c h a r a c t e r i s t i c  le n g th  was o b ta in e d  u s in g :
I  = [Sm in*m ax'*m in + l max) l , / 1 2 J ^
w h ere : t   ^ =  minimum d ia m e te r
^max = max‘-rn'jm d ia m e te r
B oth l min and  t max w ore m easu red  from  th e  p h o to g ra p h s  and th e n  s c a l e d  to  
t h e i r  a c tu a l  s i z e s .  The r e s u l t s  o f  t h i s  p h o to g r a p h ic  te c h n iq u e  a r e  shown 
in  F ig u re  3.
t im e  (m in) s i z e  (pni) d l / d t  (pra/m in)
0 400
F ig u re  3 . P a r t i c l n  g row th  r a t e s .
EXPERIMENTAL METHOD
T he a v e ra g e  p a r t i c l e  s i z e  i s  200 urn ( s e e  S e c t io n  3 .3 )  and f o r  t h e  p a r t i c l e  
m ass t o  b e  le a c h e d  by  h a l f ,  th e  s i z e  m ust b e  le a c h e d  by  40 urn. T h is , 
a c c o rd in g  to  th e  v a lu e s  in  F ig u re  3 , r e q u i r e s  a p p ro x im a te ly  f i v e  m in u te s .
Now by m ass b a la n c e
t = V (C .-C o )/2CM . . ( 1 )
w h e re : V......................................ta n k  volume
C .................... i n l e t  f e r r i c  co n c.
............... o u t l e t  f e r r i c  co n c.
C............. f r a c t i o n a l  c o n v e rs io n
H................................m ass f lc w r a t e
C o n sid er  a t y p i c a l  ru n  '.'h ere  e x p e c te d  v a lu e s  m ig h t b e :
V = 1 .0  l i t r e
Ci  =  2 5 .C g , ' l i t r e  
G = 1 0 .C g / l i t r e  
M = 3 .2  g /m in
From e q u a t io n  (1 )  we. g e t  t = 5 m in u tes
i e .  U sing  a ta n k  s i z e  o f  one l i t r e  y i e ld s  a r e s id e n c e  tim e  o f  th e  r e q u ir e d  
m a g n itu d e .
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3 .5  APPARATUS
A sc h e m a tic  d ia g ra m  o r  tlio  a p p a r a tu s  i s  shown in  F ig u re  4.
'e rh e a d  ta n k  
m ta in in g  th e  
le a c h  l iq u o r
The e x p e r im e n ta l a p p a ra tu s
liv'o v i b r a t o r  f e e d e r s  w ore u se d  in  s e r i n s . The f i r s t  was u se d  t o  r e g u la t e  
th e  s o l i d  f l o v r a t e  and th e  se co n d  p la c e d  on i t s  h ig h e s t  s e t t i n g  t o  e n su re  
an u n h in d e re d  flo w  to  th e  ta n k s .  Two f  1 e x id r i v e  m o to rs  w ere u se d  to  d r iv e  
th e  im p e l l e r s .  R o ta m e te rs  w ere  u se d  t o  c o n t r o l  th e  l i q u i d  f io w r a te  to  
t h e  ta n k s .
To e n s u re  t h a t  th e  ta n k s  .s im u la ted  w e ll-m ix ed  ta n k  a t r i a l  run  u s in g  w a te r  
and sa n d  was c o n d u c te d . The c o n c e n t r a t io n s  o f  th e  sa n d  in  w a te r  was 
c h ec k ed  in  th e  ta n k s  and  in  t h e  o u t l e t  s te am s o f  th e  t a n k s , R e s u l t s  show 
t h a t  t h e s e  c o n c e n t r a t io n s  a re  c o n s i s t e n t  w ith  the* in p u t  c o n c e n t ra t io n .’ . 
H i a r e s u l t s  a r c  shown in  "A ppendix K. Run w ith  sand  and w a te r "  on page
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3 .6  PROCEDURE
The f o l lo w in g  p ro c e d u re  was u se d  f o r  eac h  r u n .
The sy s te m  was ru n  f o r  a p e r io d  o f  a p p ro x im a te ly  f i v e  r e s id e n c e  t im e s  to  
r e a c h  s te a d y  s t a t e .
The v i b r a t o r  f e e d e r  was f e d  o n to  a mass b a la n c e  f o r  tw e n ty  m in u te s  b e fo r e  
and te n  m in u te s  a f t e r  eac h  ru n . From t h i s  t h e  r e l i a b i l i t y  and a v e rag e  
f lo w r a te  o f  th e  f e e d e r  c o u ld  be c a l c u l a t e d .  The f lo w ra tn s  p ro v ed  t o  be  
c o n s t a n t . The m ass f lo w r a te  f o r  th e  f i r s t  ru n  i s  shown in  "A ppendix  F . 
Mass f lo w r a te s  o f  f i r s t  ru n "  on page  48.
Sam ples w ere  draw n from  e a c h  ta n k  and th e  sam p le  volum es n o te d . The sam­
p le s  w ere  a n a ly s e d  a s  f o l lo w s :
1 . t h e  t o t a l  aqueous i r o n  c o n c e n t r a t io n  was o b ta in e d  by A.A. 
s p e c tr o s c o p y .
2 . t h e  f e r r i c  io n  c o n c e n t r a t io n  was d e te rm in e d  by th e  t i t r a t i o n  a s  shown 
i n  "A ppendix  D. T i t r a t i o n  f o r  F e r r i c  io n "  on page  46.
3 . t h e  f e r r o u s  io n  c o n c e n t r a t io n  was d e te rm in e d  by  th e  d i f f e r e n c e  o f  th e  
above c o n c e n t r a t i o n s .
4 . t h e  H2S0k c o n c e n t r a t io n  was d e te rm in e d  by th e  t i t r a t i o n  a s  shown in  
"A ppendix  E . T i t r a t i o n  f o r  S u lp h u r ic  a c id "  on p ag e  47 .
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4  R E S U L T S AND A N A L Y SIS
4 .1  CO M PA RISO N  O F EXPERIM EN TAL T O  T H E O R E T IC A L  R E SU L T S
The r e s u l t s  f o r  t h e  le a c h in g  e x p e r im e n ts  a r e  shown in  "A ppendix  0 . Ex­
p e r im e n ta l  r e s u l t s "  on p ag e  74. The r e s u l t s  show t h a t  th e  r e a c t i o n  o f  
t h e  a c id  w ith  t h e  i r o n  was n e g l ig ib l e  and i t  was th e r e f o r e  n o t  in c lu d e d  
in  th e  a n a ly s i s .
The T v s .  C c u rv e  ( p l o t t e d  from  e q u a tio n  (1 ) be low ) f o r  th e  f i r s t  ta n k  
i s  u n iq u e  s in c e  t h e  f e e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  f i x e d .  However th e  
c o n v e rs io n s  in  th e  f i r s t  t a n k  w ere  d i f f e r e n t  f o r  eac h  e x p e r im e n ta l  run  
and  t h i s  r e s u l tv d  in  d i f f e r e n t  i n l e t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  and th u s  
d i f f e r e n t  T v s .  C c u rv e s  f o r  th e  se co n d  ta n k .  The p ro b lem  was th e r e f o r e  
how t o  com pare th e  r e s u l t s  f o r  each  ta n k .
I t  was a n t i c i p a t e d  t h a t  th e  T v s . C c u rv e s  f o r  t h e  se co n d  ta n k  w ould  n o t
v a ry  g r e a t l y  from  t h a t  o f  th e  f i r s t  ta n k  so  i t  was d e c id e d  t o  t r e a t  t h e
tw o ta n k s  a s  tw o s e p a r a t e  s in g l e  ta n k s .  A p rog ram  was w r i t t e n  t o  s o lv e
th e  e q u a t io n s  (shown below ) f o r  each  ta n k  and e x p e r im e n ta l  r u n . The s i z e  
d i s t r i b u t i o n  o f  th e  p a r t i c l e s  le a v in g  th e  f i r s t  ta n k  was c a l c u l a t e d  from 
th e  t h e o ry  and was u se d  a s  th e  f e e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  th e  
se co n d  t a n k .  T h is  was n e c e s s a r y  s in c e  th e  f e e d  d i s t r i b u t i o n  f o r  th e  f i r s t  
t a n k  c o u ld  b e  e v a lu a te d  u s in g  an im age a n a ly s e r  ( s e e  S e c t io n  3 .3 )  b u t 
t h e  sam p les  from  th e  f i r s t  t a n k  c o u ld  n o t  s in c e  th e y  de ca y ed  upon d r y in g . 
The p rog ram  u se d  th e  f e r r i c  io n  c o n c e n t r a t io n  a s  th e  b a s i s  f o r  th e  mass 
b a la n c e  s in c e  s e v e r e  o x id a t io n  o f  th e  i r o n  sam p les  y ie ld e d  them  u n r e l i a b l e  
t o r  u se  a s  th e  b a s i s .  The prog ram  i s  shown i n  "A ppendix  I .  P rogram  3" 
on page  54 and th e  r e s u l t s  a re  shown in  "A ppendix  J .  R e s u l t s  o i program  
3"  on p a g e  62.
RESULTS AND ANALYSIS
R e c a ll t h e  f o l lo w in g  e q u a tio n s  from  S e c t io n  2
C, = [ 3 ( o 0/ r u 1 )T 1 -  6T , 2 + 6T ,* /f t i ) ( f l .V S . ) ...(1)
£ , ( ! )  = = , 6 , 6X0 ( 01, 6) I e x p ( - a ,  6 ' ) f ,  ( 6 ' ) d 6 ' . . ( 2 )
e x p (-@ ,6 ') fo (& ') (1 6 ' . . ( 3 )
= i / n .T ,
w here  s u b s c r i p t  0 r e f e r 6- t o  i n l e t  c o n d i t io n s
and s u b s c r i p t  1 r e f e r s  t o  o u t l e t  c o n d i t io n s
The r e s u l t s  show t h a t  6 i s  a p p ro x im a te ly  1 f o r  th e  e x p e r im e n ts  and t h a t  
t h e  r a t i o s  o f  th e  moments f o r  th e  se co n d  ta n k  do n o t  v a ry  g r e a t l y  from
th e  r a t i o s  i n  t h e  f i r s t  ta n k .  The r a t i o s  v a r i e d  t h e  g r e a t e s t  f o r  th e  f i f t h
e x p e r im e n ta l  ru n  and th u s  g iv e  th e  T v s ,  C c u rv e  t h a t  i s  t h e  m ost d i f ­
f e r e n t  from  th e  c u rv e  f o r  th e  f i r s t  t a n k .  The T v s .  C c u rv e  f o r  th e  f i r s t  
ta n k  and th e  c u rv e  f o r  th e  se co n d  t a n k  from  th e  f i f t h  ru n  w ere  p l o t t e d  
on th e  same g rap h  ( s e e  F ig u re  5 on p a g e  2 0 ) . The g ra p h  shows t h a t  th e  two 
c u rv e s  a re  a p p ro x im a te ly  t h e  sume and t h e r e f o r e  i t  was v a l id  t o  co n d u ct 
th e  a n a ly s i s  t r e a t i n g  th e  two ta n k s  a s  s e p a r a t e  s in g l e  t a n k s .  F u r th e rm o re  
one c an  s a y  t h a t  a l l  th e  th e  o th e r  T v s .  C c u rv e s  f o r  th e  se co n d  ta n k  l i e  
be tw een  t h e s e  tw o c u r v e s .
U sing  th e  f i t t e d  k i n e t i c s  o b ta in e d  in  S e c t io n  4 .2  one c an  c a l c u l a t e  an 
e x p e r im e n ta l  v a lu e  f o r  T a s  fo l lo w s .
From th e  r a t e  e q u a t io n  d e te rm in e d  in  S e c t io n  4 .2  and e q u a tio n  (9 ) from  
S e c t io n  2 one c an  w r i te
T , = (w * /3 p )(V l /Q ;ik1(F ca + ) , b / r j 6 - . . ( 5 )
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U sing  th e  s i z e  d i s t r i b u t i o n s  c a l c u l a t e d  from  th e  t h e o r y  in  th e  program  
"A ppendix  I .  Program  3" on p ag e  5 4 , and by s u b s t i t u t i n g  th e  fo llo w in g  
v a lu e s  i n t o  e q u a t io n  (5)
P = 7 .5  *10 '  g/m 5
w = 5 5 .8 5  g/m ol
one can  c a l c u l a t e  T f o r  e ac h  ta n k  and e x p e r im e n ta l  ru n . T hese  e x p e r ­
im e n ta l T v a lu e s  and t h e i r  c o rre s p o n d in g  c o n v e r s io n s  w ere  p l o t t e d  a g a in s t  
th e  T v s .  C c u rv e s  shown in  F ig u re  5 on page  20 . The p l o t  i s  shown in  
F ig u re  6 on p ag e  21 . and from  i t  one c an  s e e  t h a t  th e r e  i s  good ag reem en t 
w i th  t h e  t h e o ry  a l th o u g h  i t  m ust be rem em bered t h a t  f i t t e d  k i n e t i c s  w ere
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F ig u re  5 . C om parison  o f  T v s .  C c m  ves £c 
th e  se co n d  ta n k  and  f i f t h  ru n  :
L egend: -----------------  f i r s t  ta n k
  se cc n d  ta n k
. ta n k  and f o r
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F ig u re  6 . Com parison  o f  t h e o r e t i c a l  T v s .  C c u rv e s  t o  th e  e x p e r ­
im e n ta l  T and  C v a lu e s  :
L egend; — —-------- f i r s t  ta n k
  • ——  se co n d  ta n k
* e x p e r im e n ta l f i r s t  ta n k  p o in ts
+ e x p e r im e n ta l  se co n d  ta n k  p o in ts
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F ig u re  6 . Com parison  o f  t h e o r e t i c a l  T v s .  C c u rv e s  t o  th e  e x p e r ­
im e n ta l T and C v a lu e s  :
Legend: ------------------ f i r s t  ta n k
——    second  ta n k
* e x p e r im e n ta l  f i r s t  ta n k  p o in ts
+ e x p e r im e n ta l second  ta n k  p o in ts
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4 .2  THE REACTION K IN ETIC S
The r e a c t i o n
Fe + F e2 ISOi,) j •* 3FeS0u 
i s  e le c t r o c h e m ic a l  in  n a tu r e  and in v o lv e s  t h e  f o l lo w in g  h a l f  r e a c t i o n s  
F e J+  + e '  * F e ,+
Fe -» F e l4  +  2 e '
R e a c t io n  o f  th e  a c id  w ith  th e  i r o n  p ro v ed  t o  b e  n e g l i g i b l e  and was 
t h e r e f o r e  n o t  c o n s id e r e d , tsnp. S e c t io n  4 .1 )
S k e tc h e s  o f  th e  c u r r e n t  -  p o t e n t i a l  c u rv e s  f o r  th e  above h a l f  r e a c t i o n s  
a r e  shown in  F ig u re  7.
F e ,+ +  <*' "  Ft.'2
r i j . u r e  7 . c u rr e n t .-p o L n n tia l  c u rv e s
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By m o d e llin g  t h e s e  c u rv e s  t h e  form  o f  th e  r a t e  e q u a t io n  can  be  d e r iv e d ,  
( s e e  "A ppendix  B . Form o f  r a t e  e q u a t io n "  on p a g e  41)
The form  was d e r iv e d  t o  be th e  fo llo w in g
d m ( 0 / d t  = a (je )w k(F e3+) b . . . ( 1 )
w here k and b a re  c o n s ta n t s
V alues f o r  t h e s e  c o n s ta n t s  w ere  d e te rm in e d  by c o n s id e r in g  eac h  ta n k  a s  a 
s e p a r a t e  s in g l e  ta n k  w i th  t h e  c a l c u l a t e d  e x i t  s i z e  d i s t r i b u t i o n  o f  th e  
f i r s t  ta n k  b e in g  u se d  a s  th e  f e e d  s i z e  d i s t r i b u t i o n  f o r  t h e  se co n d  ta n k . 
V alues f o r  th e  c o n s t a n t s  w ere  e v a lu a te d  a s  f o l lo w s .
R e c a l l  e q u a t io n  (3 )  from  S e c t io n  2
T = (u » /3 p )  (V/QjkiJi/n
S u b s t i t u t i o n  o f  e q u a t io n  1) g iv e s
T = (ui$/3p) (V 7Q )k(Fe1+) b /n  . . .  (2 )
w here  t  i s  th e  f i r s t  moment o f  th e  f e e d  s i z e  d i s t r i b u t i o n
A = I n fk )  + b ln [ f F e 1+) , ]
w h ere ; A = ln [  f 3p/flSio)(Q/V)nT] 
p = 7 .5  * 1 0 ' g/m 1
w = 5 5 .8 5  g/m ol 
Q ............................H/ntin
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.m /m in ( f o r  b = l)
The m ethod  by w hich  th e  v a r i a b l e s  o f  th e  s y s te m  w are  e v a lu a te d  f o r  each 
e x p e r im e n ta l  run  a re  d e s c r ib e d  in  s e c t i o n  6 .1  "C om parison  o f  E x p e r im e n ta l 
t o  T h e o r e t i c a l  R e s u l t s "  on page 17. An e x te n s io n  t o  th e  p rog ram  was made 
to  e v a lu a te  A and ln ( F e ’'" l from  th e  s y s te m 's  v a r i a b l e s  and t o  s o lv e  f o r  
th e  r e a c t i o n  c o n s ta n t s  by l i n e a r  r e g r e s s io n .  The r e s u l t s  o f  t h e  program  
a r e  show n in  "A ppendix  J .  R e s u l t s  o f  p rog ram  3 ’’ on page  62 and  th e  program  
i s  shown in  "A ppendix  I .  P ro g r-m  3" on page 56.
The r e g r e s s io n  was f i r s t  u se d  f o r  a l l  th e  A v a lv e s  and th a n  f o r  th e  A 
v a lu e s  from  eac h  ta n k  s e p a r a t e l y .  The.se r e s u l '. s  a r e  shown in  F ig u re  6.
T a n k 's  used  ii  
th e  r e g r e s s  jo;
0 .00513
0.00345
F ig u re . 8 . t a b l e  o f  th e  r a a r . t io n  k in e t i c s
F ig u re  8 shows - h a t  th e  r e a c t i o n  i s  a p p ro x im a te ly  f i r s t  r e a c t i o n  so  i t  
was assum ed t h a t  th e  r e a c t i o n  i s  in d e ed  f i r s t  o r d e r  and th e  r e g r e s s io n  
r e p e a te d  to  f i n d  th e  r e a c t i o n  c o n s t a n t .  T hose  r e s u l t s  a re  shown in  
F ig u re  9 on page  25.
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T a n k 's  u se d  in  
t h e  r e g r e s s io n
R e a c t io n  c o n s ta n t R e a c t io n  o ld e r
1 s t  ta n k  
2nd ta n k
0 .0052?
0 .00630
0.00439
F ig u re  9 , t a b l e  o f  th e  r e a c t i o n  k i n e t i c s :  th e  r e a c t i o n  c o n s ta n t
i s  assum ed t o  be u n i ty
We se e  from  F igu re . 9 t h a t  each  ta n k  has a d i f f e r e n t  r e a c t i o n  c o n s ta n t .  
T h is  i s  n o t  e n t i r e l y  u n e x p e c te d  a s  i t  l i k e l y  t h a t  th e  m ost a c t i v e  r e a c t i v e  
s i t e s  a r e  u se d  d u r in g  r e a c t i o n  in  th e  f i r s t  ta n k  r e s u l t i n g  in  an  in c re a s e d  
a c t i v a t i o n  e n e rg y  and th u s  g iv in g  a low er r e a c t i o n  c o n s ta n t  i n  th e  se co n d  
ta n k  ( B r i t t e n  1976 ).
G raphs show ing  th e  l i n e a r  r e g r e s s io n  f o r  F ig u re  9 a re  shown in  F ig u re  12 
on p ag e  27 , F ig u re  10 on p age  26 and F ig u re  11 on p ag e  26.
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f i r s t  ta n k .F ig u re  10. P l o t  o f  A
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F ig u re  12. P l o t  o f  A v s .  I n l 'F o ’ ) : b o th  ta n k s .
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4 .3  PROCEDURE FOR THE DESIGN OF TANKS
Ons car. se e  from  th e  e q u a t io n s  i n  S e c t io n  2 t h a t  in  a tw o ta n k  sy s te m  th e  
f i r s t  t a n k  i s  d e s c r ib e d  by a u n iq u e  c u rv e  o f  T i v s .  C | w h i l s t  f o r  th e  
second  t a n k  th e  c u rv e  o f  T 2 v s .  C2 i s  d e p en d a n t on C, and i s  th e r e f o r e  
n o t  u n iq u e . T h is  means t h a t  a one  ta n k  sy s te m  c an  b e  e a s i l y  m o d e lle d  by 
a s i n g l e  C v s ,  T  c u rv e  w h i l s t  an  i t e r a t i v e  p ro c e d u re  i s  r e q u i r e d  to  s o lv e  
a tw o ta n k  sy s te m .
A lg o r ith m  f o r  a o n e  t a n k  sy s te m
The f o l lo w in g  e q u a tio n s  a r e  d e r iv e d  in  s e c t i o n  2 .
C, = | 3 ( c , / T | / ) T ,  - 6 T , 2 + . . . U )
T | = lu 4 .'3 p X V ,/Q ')k 1'M C l )/ilo  . . . ( 2 )
f  , ( £ )  = ( B . / i u T . J e x p a / r u T , )  |  expC- l  7*1 , T , ) f  „ (* ’ ) d£ ’ . . . ( 3 )
1 / B ,  =  I  -  j  e x p C - i  V t H T . i l f o C V i d i 1 . . - ( 4 )
A p l o : o f  C v s . T i s  made u s in g  e q u a tio n  ( 1 ) .  From t h i s  c u rv e  th e  v a lu e  
o f  T  can  b e  o b ta in e d  f o r  any  c o n v e r s io n . U sing  e q u a tio n  (2 ) th e  sy stem  
v a r i a b l e s  r e q u i r e d  to  a c h ie v e  t h i s  c o n v e r s io n  c an  b e  c a l c u l a t e d . T h is  
assum es t h a t  k  and 4 ( C ) , w h ich  c o n ta in  t h e  k i n e t i c s  o f  th e  r e a c t i o n  a re  
know n. 4  i s  a  f u n c t i o n  o f  th e  r e a c t a n t  c o n c e n t r a t io n s  w hich  in  t u r n  a re  
f u n c t io n s  o f  t h e  c o n v e rs io n  and  a r e  lin k e d  by a m ass b a la n c e  o f  th e  s y s -
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A lg o r ith m  f o r  a tw o  t a n k  sy s te m
The f o l lo w in g  e q u a tio n s  h o ld  f o r  th e  i t h  ta n k  ( s e e  S e c t io n  2 ) :
ci =  i3TitW c,W 2 - 6Ti2 + 6V ^ i i cV i 3^i-i> ••■C1>
T . = ( w * / 3 p ) ( V ^ /q i k ^ . ( C . ) /T i .^  --  (2 )
= P1/ ( n i _1T1 ) « p ( t / n 1 . :iT1) |  M p f - l V D j . j T p f ^ d ' i d i 1
. . . ( 3 )
= i  -  J ^ x p ( - E , / n i _1T . ) f i . 1( a l ) d t '  - - ■ (4)
From a m ass b a la n c e  o v e r  th e  w hole  sy s te m
C = 1 -  (1  -  C , ) ( l  -  Cs ) . . . ( 5 )
w h ere : C = f r a c t i o n a l  c o n v e rs io n  o v e r  t h e  w hole  sy
= f r a c t i o n a l  c o n v e r s io n  in  ta n k  i
From e q u a tio n  (2 )  w ith  i = l  and i= 2  one  c an  d e r iv e
T , -  T2 (Vl /V 2 ) ( t i l / n o ) ( k 1/k ,) [V .(C 1)/V (C 2 ) ]  = 0  . . . ( 6 )
N o te : i f  Ci = 0 th e n  C , = C and th e  L .H .S  o f  (6 )  i s  n e g a t iv e
i f  C, = C th e n  C2 = 0 and th e  L .H .S  o f  (6 )  i s  p o s i t i v e
i . e .  Any r o o t  f in d in g  m ethod can  b e  u se d  t o  s o lv e  f o r  C , . I t e r a t i o n  o v e r
C i h a s  t h e  a d v a n ta g e  t h a t  C i s  bounded b e tw een  0 and th e  r e q u ir e d  c o n ­
v e r s i o n  w h erea s  i t e r a t i o n  o v e r  th e  volum e i s  n o t  bou n d e d . The L .H .S o f  
( 6 )  i s  e v a lu a te d  a s  f o l l o w s •
1 . G uess C, and c a l c u l a t e  C8 from  ( 5 ) .
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2 . C a lc u la t e  T , u s in g  an i t e r a t i v e  te c h n iq u e  f o r  (1 ) w here  1=1
3 . C a lc u la t e  £ , ( £ )  from  (3 )  and h ence  c a l c u l a t e  th e  moments.
4 .  C a lc u la t e  T , u s in g  an i t e r a t i v e  te c h n iq u e  f o r  (1 ) w here 1=2
5 . C a lc u la t e  th e  L .H .S  o f  ( 6 ) .
A lg o r ith m  f o r  N ta n k s
The f o l lo w in g  e q u a tio n s  h o ld  f o r  t h e  1t h  ta n k  ( s e e  S e c t io n  2 ) :
c i  = ^ i - W ^ i - V 1 -  6Ti 2 '  6Ti , / l l i 1 (n i - i , / W  
^  = ( » * /3 p ) (V 1/Q )k 1* 1{Cj ) / n i . 1 • • • ( 2 )
f ±m  = P1/(T lj;. 1T1> e x p r t r t 1 _1T1) |^ Q x p ( - e ' / ,n 1, 1T i ) f i . 1 C t ' ) d t '
. . . (3 )
1/B 1 = 1 - |  e x p C - e ' / n . ^ T ^ f ^ ^ R ^ d l '  . . . ( 4 )
From a  mass b a la n c e  o v e r  th e  w hole  sy stem
C -  1 - (1 - C , m  - C , ) ............ (1 '  Cn) • • - (5 )
w h ere: C = f r a c t i o n a l  c o n v e r s io n  o v e r t h e  w hole  sy stem  
Cj, -- f r a c t i o n a l  c o n v e r s io n  in  t a n k  i
One c an  s o lv e  th e  sy s te m  t o r  t h o  r e q u i r e d  v a r i a b l e  by i t e r a t i n g  a round  
t h a t  v a r i a b l e .  F o r exam ple i f  one  w an ted  th e  ta n k  volum es r e q u i r e d  to  g iv e  
a  c e r t a i n  c o n v e rs io n  th e n  one w ould i t e r a t e  a round  th e  vo lum e , b u t  t h e  
r a t i o s  o f  t h e  ta n k  vo lum es m ust b e  s t i p u l a t e d  b e fo re h a n d . We c a n n o t s o lv e  
t h e  sy s te m  by  i t e r a t i n g  a round  th e  in te r m e d i a te  c o n v e rs io n s  a s  in  th e  c a s e  
f o r  two ta n k s  s in c e  t h e r e  i s  no r e l a t i o n s h i p  be tw een  th e s e  c o n v e r s io n s .
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T h is  i s  d is a d v a n ta g e o u s  s in c e  i t  in c r e a s e s  t h e  amount o f  i t e r a t i o n s ,  b u t 
i t  m ust b e  r e a l i s e d  t h a t  few i n d u s t r i a l  sy s te m s  u se  more th a n  th r e e  t a n k s . 
F o r e ac h  i t e r a t i o n  th e  sy stem  i s  s o lv e d  a s  fo l lo w s .
1. E v a lu a te  e q u a t io n s  (1 ) th ro u g h  (4 ) f o r  each  o f  th e  ta n k s  n o t in g  t h a t
ip i s  a  f u n c t io n  o f  th e  r e a c t i o n  k i n e t i c s  and th e  mess b a la n c e .
2 . E v a lu a te  t h e  f r a c t i o n a l  c o n v e rs io n  from  e q u a tio n  ( 5 ) .
3 . S e l e c t  a  new v a lu e  f o r  th e  v a r i a b l e .
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5 CONCLUSIONS AND RECOMMENDATIONS
The p a r t i c l e  num ber b a la n c e  a p p ro a ch  t o  th e  m o d e llin g  o f  le a c h in g  in  
w e l l-m ix e d  t a n k s , a s  a d v o c a te d  i n  t h i s  w ork , i s  a  n o v e l  and v a l i d  ap ­
p r o a c h . T h is  i s  i n d ic a t e d  by th e  le a c h in g  e x p e r im e n ts  w hich  w ere s u c ­
c e s s f u l l y  m o d e lle d . H ow ever, a t  p r e s e n t  th e  m odel i s  l im i te d  t o  p a r t i c l e s  
w hich  e x h ib i t  t h e  s h r in k in g  p a r t i c l e  b e h a v io u r  upon le a c h in g .  T h is  
m echanism  i s  c h a r a c t e r i s e d  by two m ain f e a t u r e s . The f i r s t  i s  c h a t  th e  
p a r t i c l e s  a re  n o n -p o ro u s  s o  t h a t  r e a c t i o n  o n ly  o c c u rs  a t  th e  s u r f a c e  and 
th e  se co n d  i s  t h a t  th e  le a c h e d  m a te r i a l  i s  r e l e a s e d  from  th e  p a r t i c l e  
w ith o u t  a f f e c t i n g  th e  r a t e .  Many r e a c t i o n s  have  th e s e  c h a r a c t e r i s t i c s  b u t 
i t  s h o u ld  n o t  b e  d i f f i c u l t  t o  e x te n d  t h i s  m odel t o  o th e r  m echanism .
The m odel wa& d e v e lo p e d  from  a p a r t i c l e  number b a la n c e  o v e r  t h e  i t *1 ta n k  
in  a s e r i e s  o f  n  w e ll-m ix e d  t a n k s . The b a la n c e  gave  a  f i r s t  o r d e r  d i f ­
f e r e n t i a l  a q u a t io n  w hich was s o lv e d  t o  g iv e  t h e  s i z e  d i s t r i b u t i o n  and th e  
r a t i o  o f  th e  num ber o f  p a r t i c l e s  e n t e r in g  t o  th o s e  e x i t i n g  th e  i 1*1 ta n k .
Two m a jo r  c o n c lu s io n s  c an  be draw n from  th e  th e o ry  and th e  e x p e r im e n ts . 
The f i r s t  i s  t h a t  a  s im p le  le a c h  r e a c t i o n  w i th  f i t t e d  k i n e t i c s  in  a s in g l e  
ta n k  c an  b e  m o d e lle d . The le e c h  e f f i c i e n c y  c a n , f o r  a g iv e n  f e e d  p a r t i c l e  
s i z e  d i s t r i b u t i o n ,  be  m o d e lle d  by a u n iq u e  d im e n s io n le s s  g ra p h . T h is  
g rap h  i s  a  p lo t  o f  th e  le a c h  e f f i c i e n c y  v e r s u s  a d im e n s io n le s s  number ( T ) , 
w hich  in c o r p o r a te s  th e  r e a c t i o n  c o n s ta n t s  and sy s te m  v a r i a b l e s .  From th e  
g ra p h , T can  b e  found  f o r  a  g iv e n  c o n v e r s io n  and th u s  t h e  volume o r  
f lo w r a te  t o  g iv e  t h i s  c o n v e rs io n  can  be c a l c u l a t e d .  The a lg o r i th m  to  
s o lv e  a  one  ta n k  sy s te m  i s  shown in  S e c t io n  4 .3 .
The se co n d  c o n c lu s io n  is. t h a t  th e  g r a p h ic a l  te c h n iq u e  i s  n o t e a s i l y  ex ­
te n d e d  t o  in c o rp o r a te  m u l t i p l e  t t n k s .  T h is  i s  b e c a u se  a  u n iq u e  c u rv e  o f  
c o n v e r s io n  v e rsu s  T c a n n o t b e  p l o t t e d  f o r  c o n s e c u tiv e  ta n k s  s in c e  th e  
c u rv e  i s  a f u n c t io n  o f  th e  c o n v e rs io n  in  th e  p r e v io u s  t a n k s .  A sy stem
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The p a r t i c l e  number b a la n c e  a p p ro a ch  t o  th e  m o d e llin g  o f  le a c h in g  in  
w e ll-m ix e d  t a n k s , a s  a d v o c a te d  in  t h i s  w ork , i s  a n o v e l and  v a l i d  ap ­
p ro a c h . T h is  i s  in d i c a t e d  by th e  le a c h in g  e x p e r im e n ts  w hich  w ere s u c ­
c e s s f u l l y  m o d e lle d . H ow ever, a t  p r e s e n t  th o  model i s  l im i t e d  t o  p a r t i c l e s  
w h ich  e x h i b i t  th e  s h r in k in g  p a r t i c l e  b e h a v io u r  upon l e a c h in g .  T h is  
m echanism  i s  c h a r a c t e r i s e d  by tw o main f e a t u r e s .  The f i r s t  i s  t h a t  th e  
p a r t i c l e r .  a r e  n o n -p o ro u s  so  t h a t  r e a c t i o n  o n ly  o c c u r s  a t  th e  s u r f a c e  and 
th e  se co n d  i s  t h a t  t h e  le a c h e d  m a te r i a l  i s  r e le a s e d  from  the . p a r t i c l e  
w ith o u t  a f f e c t i n g  th e  r a t e .  Many r e a c t i o n s  h av e  th e s e  c h a r a c t e r i s t i c s  b u t 
i t  s h o u ld  n o t  b e  d i f f i c u l t  t o  e x te n d  t h i s  model t o  o th e r  m echanism .
The m odel was d e v e lo p e d  from  a p a r t i c l e  number b a la n c e  o v e r  th e  i 1*1 ta n k  
in  a  s e r i e s  o f  n  w e ll-m ix e d  t a n k s .  The b a la n c e  gave  a f i r s t  o r d e r  d i f ­
f e r e n t i a l  e q u a t io n  w hich was s o 'v e d  to  g iv e  t h e  s i z e  d i s t r i b u t i o n  and th e  
r a t i o  o f  th e  number o f  p a r t i c l e s  e n te r in g  t o  th o s e  e x i t i n g  th e  i t *1 ta n k .
Two m a jo r  c o n c lu s io n s  can  be draw n from  th e  t h e o ry  and th e  e x p e r im e n ts .  
The f i r s t  i s  t h a t  a s im p le  le a c h  r e a c t i o n  w ith  f i t t e d  k i n e t i c s  in  a  s in g l e  
ta n k  c an  b e  m o d e lle d . The lo a c h  e f f i c i e n c y  c a n , f o r  a g iv e n  fe e d  p a r t i c l e  
s i z e  d i s t r i b u t i o n ,  be  m o d e lle d  by  a u n iq u e  d im e n s io n le s s  g ra p h . T h is  
g rap h  i s  a p l o t  o f  th e  le a c h  e f f i c i e n c y  v e r s u s  a d im e n s io n le s s  ruuab&r ( T ) , 
w hich  in c o r p o r a te s  th e  r e a c t i o n  c o n s ta n t s  and sy s te m  v a r i a b l e s .  From th e  
g ra p h , T c an  be  found  f o r  a g iv e n  c o n v e rs io n  and th u s  t h e  volum e o r  
f lo w ra te  t o  g iv e  t h i s  c o n v e rs io n  can  b e  c a l c u l a t e d .  The a lg o r i th m  to  
s o lv e  a one  ta n k  sy s te m  i s  shown in  S e c t io n  4 .3 .
The se co n d  c o n c lu s io n  i s  t h a t  th e  g r a p h ic a l  te c h n iq u e  i s  n o t  e a s i l y  ex ­
te n d e d  t o  in c o r p o r a te  m u l t ip le  t a n k s . T h is  i s  b e c a u se  a u n iq u e  c u rv e  o f  
c o n v e r s io n  v e rs u s  T c a n n o t be  p l o t t e d  f o r  c o n s e c u tiv e  ta n k s  s in c e  th e  
c u rv e  i s  a f u n c t io n  o f  th e  c o n v e r s io n  i n  th o  p r e v io u s  ta n k s .  A sy stem
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i n c o r p o r a t in g  m u l t ip le  ta n k s  m ust t h e r e f o r e  b e  e v a lu a te d  u s in g  an i t e r a ­
t i v e  p r o c e d u re . To o b ta in  t h e  s o lu t io n  f o r  t h e  two ta n k  sy stem  one can  
i t e r a t e  u s in g  th e  c o n v e r s io n  o v e r  th e  f i r s t  t a n k .  T h is  i s  ad v an ta g eo u s 
s in c e  th e  c o n v e rs io n  i s  bounded  be tw een  0 and 1. The N ta n k  sy stem  how­
e v e r ,  r e q u i r e s  i t e r a t i o n  o v e r  t h e  d e s i r e d  v a r i a b l e  eg . vo lum e, w hich i s  
d is a d v a n ta g e o u s  s in c e  t h i s  v a r i a b l e s  i s  unbounded . The c a l c u l a t i o n s  g e t  
p r o g r e s s iv e ly  more e x te n s iv e  a s  more ta n k s  a r e  c o n s id e r e d  b u t  m ost p r o c ­
e s s e s  o n ly  u se  a  maximum o f  t h r e e  ta n k s .  E xam ples o f  t h i s  a r e  in  th e  
le a c h in g  o f  z in c  and m anganese and th e  p r e s s u r e  le a c h in g  o f  n i c k e l ,  c o p p er  
and c o b a l t  m a tte s .  The a lg o r i th m s  f o r  th e  tw o and N ta n k  sy stem s a re  
shown in  S c c t io n  4 .3 .
F u r th e r  w ork b e  c o n d u c te d  in  e x te n d in g  th e  m odel t o  in c o rp o r a te  
n o n -u n ifo rm  d i s s o l u t io n  m echanism s ( i e .  w here  d £ /d t  i s  a  f u n c t io n  o f  &). 
T h is  w ould  remove some o f  t h e  l im i t a t i o n s  on th e  m odel and  make i t  more 
g e n e r a l .
An a t te m p t c o u ld  be made to  o p t im is e  th e  c o n v e r s io n  w ith  r e s p e c t  t o  th e  
number and  volum e o f  t h e  ta n k s  r e q u i r e d .  T h is  w ou ld , how ever, be v e ry  
c o m p lic a te d  s in c e  a n u m e ric a l s e a r c h  te c h n iq u e  w ould h av e  t o  b e  d e v is e d ,  
b a se d  on  an o b je c t i v e  f u n c t io n  w hich  w ould in c lu d e  c o s ts  o f  equ ipm en t and 
o p e r a t io n .
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A PPEN D IX  A . D ETA ILED  TH EORY
I f  we assum e th e  i d e a l  s h r in k in g  p a r t i c l e ,  m odel th e n  
dn?<£)/<it = -
= -  k 1* i 4 t 1u
T h e re fo re
a ( t )  = ex p o sed  s u r f a c e  a re a  o f  p a r t i c l e  o f  s i z e  £ 
k .  = r a t e  c o n s ta n t  in  ta n k  i  
I  -  c h a r a c t e r i s t i c  p a r t i c l e  s i z e  
= im ( £ ) /p ] 1 /3
m il )  = mass o f  s in g le ,  p a r t i c l e  o f  s i z e  I  
t  = r e s id e n c e  tim e  o f  p a r t i c l e  m  c o n ta c t  w i th  s o l u t ' 
= p a r t i c l e  g row th  r a t e  in  ta n k  i
# = shape  f a c to r
i#> = q u a n t i t y  d e p en d a n t on c h e m ic a l and p h y s ic a l
p r o p e r t i e s  o f  th e  s o lu t io n  en v iro n m en t in  ta n k  i  
P = d e n s i ty  o f  p a r t i c l e
w ■ m o le c u la r  w e ig h t o f  d is s o l v in g  s p e c ie s
Appendix A. Detailed tneory
i . e .  t h e  i d e a l  s h r in k in g  p a r t i c l e  model assum es i ?  in d e p e n d e n t o f  t ■ 
C o n s id e r  e p a r t i c l e  b a la n c e  o v e r  th e  i t 1^ ta n k .
And assum ing  :
1 . s te a d y  s t a t e .
2 .  w e l l  m ixed ta n k s
3 . Q i s  c o n s ta n t .
4 .  i d e a l  s h r in k in g  p a r t i c l e  m odel,
CONVECTION + BIRTH = DEATH
Ni Vi u i  d£ i ( *>/ d t  + Ki - l Q£i - l U )  = W *  • • • (2)
w here : f  (t")d£ = f r a c t i o n  o f  p a r t i c l e s  in  ta n k  i
w i th  s i z e s  b e tw een  2 and  Z+dH 
= n o . o f  p a r t i c l e s  in  ta n k  1 p e r  u n i t  volume 
o f  s o lu t io n  
Q -  v o lu m e tr ic  f lo w ra to  o f  s o lu t io n
V. = volum e o f  ta n k  i
Appendix A. Detailed theory
V  * 4
S u b s t i t u t i o n  o f  (3 )  and (4 ) in  (2 ) g iv e s
d f  .U ) /d &  - a J f j U )  = - . . . ( 5 )
i n t e g r a t i n g  (5) 4
r ( & )  = e x p (a i a ) f i (0 ) - e x p 'o  R) |  8 1a 1exP |." 0 i ,! ')
. . . ( 6 )
E q u a tio n  (6 ) m ust s a t i s f y  th e  *• v  c o n d i t io n s :
3. a s  £ -  -  s o  f i ( t i  ■+ 0
so  e x p ( a ^ )  -» 0 a s  I
. . ( 7)
s u b s t i t u t i n g  in  (6 )
U sing  c o n d i t io n  (2 ) f o r  e q u a t io n  (8 )
Appendi:. A. Detailed theory
. f (!) = -6.(1 - exp(-a l')f (£')dl'j
Bi  =  1 /[ 1  -  J ^ e x p C - a ^ ' l f . ^ U 'M l ' ]
U sing (9 ) we c an  d e r iv e  th e  f o l lo w in g
Di  = |  £ f ^ V - u  = Bi ni _ I -  1/Bj.
a i  =  |  e 1£i ( t ) d i  = 61o j _1 - 2Tii ' a i
i .  -  -  " A - i  -
Therefore 5. can be obtained from n» , o, and SB
If M. = pQS. |  £1fi(S)dt
Then th e  f r a c t i o n a l  c o n v e rs io n  C i s  g iv e n  by 
C = 1 - t y M a
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I
= i  -  n i / b .
The e q u a tio n s  a re  u se d  a s  f o l lo w s  to r  c o n v e r s io n  in  one  ta n k  
D e f in e  x l = V ,/Q
t ,  = -H0/U | . . . ( 1 5 )
T | = t  i / t ,  . . - ( 1 6 )
T hen from  (3)
a ,  = l/T ijT , . . . (17)
e q u a tio n s  H O ) , (11 ) find U 2> g iv e
Hi = B ine -  l / o ,  . . . ( 1 8 )
o , =  B ,a 0 - 2(5 jTi , / a , + 2 / ( o l ) 1 . • • (19)
5 ,  = # , ( ,  - 3 6 ,0 , / = ,  + 60,11,/ ( a , ) 1 -  6 / ( 4 , ) ’ - . . ( 2 0 )
S u b s t i t u t i n g  (17 ) and (20 ) i n to  (1 4 )  g iv e s
C, = |3 ( o , / „ ; : ) T ,  -  6T , 2 + 6 T , ' / 0 , ] ( * , ' / ( , ]  . . . ( 2 1 )
From e q u a tio n s  f 1) , (15 ) and (1 6 )  wo have
T , = (w # /3 p )(V |/Q )k iV ,A o  . . . ( 2 2 )
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r e c a l l  e q u a t io n  (9 )
1 /B i = 1 -  e x p (- a  t ' ) f  ( e ' ) d t '
The s i z e  d i s t r i b u t i o n  i s  o b ta in e d  from  (6 ) and i s  g iv e n  by
f  i (1 ) = a 1B ,e x p ( a i t )  J  e x p ( - a , £ 1 I f , ( H " W ' 
w here  a ,  = l / n ,T
Appendix A. Detailed theory
A PP E N D IX  B . FORM O F RA T E  EQ UATION
The B u tle r-V o lm e r  ( P i c k e t t ,  1979) e q u a t io n  i s  as 
i  = i„ [e x p ( ( l- 8 ) z F /R T n  - e xp(~gzF /R T n)]
w here: F = F a r a d a y 's  c o n s ta n t
1 = c u r r e n t  d e n s i ty
i 0 = exchange c u r r e n t  d e n s i ty  
R = gas c o n s ta n t  
T = te m p e r a tu re
2 = no . o f  e le c t r o n s  t r a n s f e r r e d
6 = sym m etry f a c to r
H = o v e r  p o t e n t i a l
The r e a c t i o n
Fe -  F e ’ "'" + 2 e '
i s  in  th e  a n o d ic  r e g io n  w here n i s  l a r g e  and p o s i t i v e  so  th e  B u tle r-V o lm e r  
e q u a t io n  re d u c e s  to
i  = i ,e x p (( l- B ) z F /R T n  . . . ( 2 )
The N e rn s t e q u a t io n  ( B o c k r is s ,  1970) g iv e s
t  = E - [E 6 + (R T /2 F )ln fF e 1+) ]  . . . ( 3 )
w h ere : E = p o t e n t i a l
E6 = s ta n d a r d  e q u i l ib r iu m  p o t e n t i a l
Appendix B. Form of rate equation
Now th e  f o l lo w in g  has be en  p r e v io u s ly  v e r i f i e d  
i ,  = i , * ( F e 2+)*
w here: i g' =  exchange c u r r e n t  d e n s i ty  in d e p e n d e n t o f
c o n c e n t ra t io n
F r o r  e q u a t io n  (2 )  , (3 )  and (4 ) we g e t
i ,  = h jexpC -fliE )
w h ere : a ,  = -F/RT
h ,  = i /  e ;:p (a ,E )
s i m i l a r l y  f o r  t h e  r e a c t i o n
F e ’4  + e ' - »  F e1
i  = - i 0 e x p ( - SzF/RTn)
?l = E -  |E °  + ( R T /F jln C F e ^ /F e 8"1" )) 
i ,  « i , * ( F e ,+ ) 4 (F e , + )* 
i 2 = -h ^ (F e ’ + ;o x p ( - a 2E) 
w h ere : a 2 = -F/2RT
h 2 = i ,  e x p (a 2E)
Appendix B. Form of rate equation
However a t  l a r g e  o v e r p o te n t i a l s  t h e  r e a c t i o n  i s  known t o  mass t r a n s f e r  
c o n t r o l l e d  and  th u s  ta k e s  t h e  form
i a = - k (F e J+) . . . ( 1 1 )
S in c e  t h e r e  i s  no n e t t  t r a n s f e r  o f  c u r r e n t  we have
i ,  + i j  = 0 . . . ( 1 2 )
U sing  F a r a d a y 's  Law- and by c o n s id e r in g  a p a r t i c l e  o f  s i z e  t  we can  say
d m ( l ) /d t  = a ( l ) w i l /2 F  . . . ( 1 3 )
w here : a ( l )  = exposed  a re a  o f  p a r t i c l e  s i z e  E
F = F a r a d a y 1s c o n s ta n t
w = m o le c u la r  w e ig h t o f  d i s s o l v in g  s p e c i e s .
So u s in g  e q u a tio n s  (5 )  , (9 )  , (1 2 )  and (13 ) we have:
F o r  t h e  r e a c t i o n  n o t  m ass t r a n s f e r  c o n t r o l l e d
dm O O /d t = a ( l) w k (F e :,+j 2 /3
Fo r th e  r e a c t i o n  m ass t r a n s f e r  c o n t r o l le d
d m ( t ) /d t  =  a U )tu k (F e ,+ )
i . e .  t h e  r a t e  e q u a t io n  h a s  th e  f o l lo w in g  form
dni( I ) ; d t  = a ( l ) u k ( F e 3+) b
w here  k  = some c o n s ta n t  
b = some c o n s ta n t
Appendix B. Form of rate equation
APPENDIX C . O X ID A TIO N  OF FERROUS SULPHATE
The f o l lo w in g  m o le c u la r  m asses w ere u se d :
FeSOe . 7H20 = Z ;8 .0 5  g/m ol 
P e 2 (S 0 » ) ,  = 111.75
F e  = 55 .85
H ,S 00 = '18.07
H20 2 = 34 .01
uhe s c e c i f i c  g r a v i t i e s  o f  98^ H ,S0„ = 1 .8 4  
30° H50 2 = 1.11
F e r ro u s  s u lp h a te  i s  o x id is e d  a s  1
2FeS06 + K 2 + R .O , = F e 2 (S O „,.
Now 1 /1 1 1 .7  m ole o f  FQ;(S0& t ,  c o n ta in s  1 g  o f  F e3 +
To e n su re  t h a t  a l l  th e  p e ro x id e  r e a c te d  3 /4  th e  s to i c h io m e t r i c  am ount was 
added By e x p e r im e n t i t  was found  t h a t  f o r  c o n c e n t r a t io n s  o f  i r o n  h ig h e r  
th a n  40 g /1  t h e r e  was e x te n s iv e  c om plex ing  o f  t h e  i r o n  w hich  was in d i c a t e d  
by th e  d a rk  red  c o lo u r  c f  th e  s o lu t io n .
The s to r a g e  v e s s e l  f o r  t h e  f e r r i c  s u lp h a te  had  a c a p a c i ty  o f  35 l i t r e s  
and i t  was found  t h a t  th e  fo llo w in g  r e a g e n ts  w ere  n e ed e d .
35 l i t r e s  H.O
7 kg F oS 0 ,.7 H 20
680 ml 98°, HzS0h
1 l i t r e  30% 11,0,
Appendix C, Oxidation of ferrous sulphate
The s o lu t io n  was a n a ly se d  a s  f o l lo w s :
1. t h e  t o t a l  aqueous i r o n  c o n c e n t r a t io n  was o b ta in e d  by A.A. 
S p e c tro s c o p y .
2 . che f e r r i c  io n  c o n c e n t r a t io n  was d e te rm in e d  by th e  t i t r a t i o n  as shown 
in  "A ppendix  D. T i t r a t i o n  f o r  F e r r i c  io n "  on page  46 ,
3 . th e  f e r ro u s  io n  c o n c e n t r a t io n  was d e te rm in e d  by th e  d i f f e r e n c e  o f  th e  
ftbove tw o c o n c e n t r a t i o n s .
4 . t h e  H-SO,, c o n c e n t r a t io n  was d e te rm in e d  by th e  t i t r a t i o n  a s  shown in  
"A ppendix D. T i t r a t i o n  f o r  F e r r i c  io n "  on  p ag e  46.
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APPENDIX D . T IT R A T IO N  FOR FERRIC ION
P r e p a r e d  s o lu t io n s
A s ta n d a r d  0 ,179  N sodium  th lo s u lp h a i e  s o lu t io n  was p r e p a re d  by  d i s s o l v in g  
4 4 ,4 2 4  g N a,S20 3 ,5H20 in  r e c e n t l y  b o i le d  d i s t i l l e d  v o t e r  and m aking up 
to  1 ,0  l i t r e s .  A p p ro x im a te ly  3 d ro p s o f  c h lo ro fo rm  and 0 ,1  g / l i t r e  
N a,C 0, was added .
Then 1 ,0  ml 0 ,1 7 9  N Na2S20 3 = 0 .0 1  g F e J+
M ethod
1 . Add an e x c e s s  o f  K1 c r y s t a l s  t o  an a l i q u o te  o f  th e  le a c h  sam ple .
2 . T i t r a t e  w ith  th e  s ta n d a r d  sodium  th .io s u lp h a te  s o lu t io n  u n t i l  t h e  
ran g e  brown c o lo u r  d is a p p e a r s .
3. N ear th e  end p o in t  th e  s o lu t io n  becomes p a le  y e l lo w , and a t  t h i s  p o in t  
a c r y s t a l  o f  KI may b e  added  to  d e te rm in e  w h e th e r  s u f f i c i e n t  KI i s  
p r e s e n t .
4 .  A t t h e  end p o in t  th e  s o lu t io n  i s  c o lo u r l e s s .
5 .  C a lc u la t e  th e  c o n c e n t r a t io n  o f  F e ,+  in  th e  o r i g i n a l  le a c h  s o lu t io n .  
R e a c tio n s
F e 2 ( S 0 . ) ,  + KI •> 2FeS0u + I e
1° + Na2S20 ,  -» Nn2Se0 6 + N al
( c o lo u r l e s s )
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A PPEN D IX  E . T IT R A T IO N  FOR SU L PH U R IC  A CID
P r e p a r e d  s o lu t io n s
1, M ixed in d i c a t o r  : 0 ,2  g d-'-r,ethyl y e llo w  and 0 ,2  g m ethy l b lu e  d i s ­
s o lv e d  in  2 0 0 ,0  ml m e th an o l .
2 . 0 ,2 0 4  K Sodium c a r b o n a te  p re p a re d  by d i s s o l v in g  1 0 ,8120  g  oven d r ie d  
( a t  5 3 3 ,0  K -5 4 3 ,0  K1 Xa2C03 w ith  d i s t i l l e d  w a te r  up t o  1 ,0  l i t r e s .
Then 1 ml 0 ,2 0 3  N Na2C0, = 0 ,01  g H2S0„
M ethod
1. Any f e r r i c  io n  p r e s e n t  in  on a l i q u o te  o f  th e  le a c h  s o lu t io n  m ust f i r s t  
be red u c ed  t o  f e r ro u s  io n  l i . e ,  add KI c r y s t a l s  and t i t r a t e  w ith  
Na2S20 3 a s  in  "A ppendix D. T i t r a t i o n  f o r  F e r r i c  io n "  on page  46)
2. Add 3 d ro p s  m ixed in d i c a t o r  to  t h e  a l i q u o te  and t i t r a t e  w ith  th e  
s ta n d a r d  N «,C03 s o lu t io n  u n t i l  a  g re e n  c o lo u r  i n d i c a t e s  t h a t  t h e  end 
p o in t  i s  re a c h e d .
R e ac tio n
Na2C0, + K2S0h -  Nm28 0 . + C02 + ll20
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A PPE N D IX  F . MASS FLOW RATES O F F IR S T  RUN
Time fm in) H ass f lo w ra c e  (g /m in )
b e fo r e  run
3 ,2 4
a .
3 ,2 3
3 ,05
3 ,05
3 ,11
3 ,1 5
3 ,1 6
3 ,2 6
3 ,3 0
3 ,2 4
3 ,1 8
3 ,2 0
3 ,1 6
3 ,1 4
Appendix F. Mass flowratos of Urst run
APPENDIX G. PROGRAM 1
Tha p a r t i c l e s  w ere a p p ro x im ate d  to  e l l i p s o i d s  and t h e i r  maximum and m in­
imum d im e n s io n s  m easu red , The p a r t i c l e s  w ere  p h o to g rap h e d  on m i l l im e t r e  
g rap h  p a p e r  and th u s  th e  s c a l e  c o u ld  b e  d e te rm in e d .
T h e  a lg o ri th m
I n i t i a l i s a t i o n  
In p u t  o f  d a ta
By assum ing  th e  p a r t i c l e s  w ere  e l l i p s o i d s  th o  volum e and a re a  w ere  c a l ­
c u l a t e d .  Hence;
c h a r a c t e r i s t i c  le n g th  = (v o lu m e )1^ 3
sh a p e  f a c t o r  = a r e a / ( c h a r a c t e r i s t i c  l e n g th ) 1' ' 2
T h is  was done f o r  eac h  p a r t i c l e
The p a r t i c l e s  w ere  t e s t e d  t o  se e  w hich  s i z e  i n t e r v a l  th e y  f e l l  in  and were 
n o te d  as su c h .
A c u b ic  s p l i n e  was f i t t e d  t o  th e  i n t e r v a l s  and i n t e r p o l a t e d  t o  y i e l d  th e  
s i z e  d i s t r i b u t i o n  .
T h e  p ro g ra m
C INITIALISATION
DIMENSION D (5 0 0 ) , PH(20- »,D F '5 0 0 ,,D L (5 0 0 )
DIMENSION F (1 0 0 ) ,X L (1 0 0 ) , Y F(1001,COEF(100 ,3 )
DIMENSION" WKi2 0 0 0 ) ,YYF( 100)
REAL 1,(500)
P I = 3 .1416
C SET PARAMETERS FOh IMSL ROUTINES
C NP IS THE NO. OF PARTICUS
C INPUT OF DATA
NN=2*NP
R E A D (9 ,* )(D (I) ,I« 1 1NN)
DO 10 J=2,N N ,2
C A AND B ARE MAX AND MIN DIMENSIONS OF PARTICLE
SCALE=20.
A=D(J-n*SCALE
B®D(J)',"SCALE
C=A/B
CALC. OF CHARACTERISTIC LENGTH 
C (ASSUMES PARTICLES ARE ELLIPSOIDS)
Appendix G. Program 1
D L (I)= (P I* A * B * (A + B )/1 2 .)* * ( l/3 .)
IFCA.NE.B)TKEN
C 2 = (C * * 2 .-1 .)* * 0 .5
AREA=(PI/2)*A*B/C2*(ALOO(C+C2)+C*ATAN(C2))
AREA=PI*A**2.
C CALC. OF SHAPE FACTOR
PH(I)=AREA/DL(I)**2
10 CONTINUE
RMIK=1D0.
C EVALUATION OF DISCRETE F(L )
DO 50 1 = 1 ,NI 
LLIM IT=(I-1)*H  
ULIMIT=(I)*H 
DO 60 J=1,N P 
DD=DL(J)
IFrDD.GT.R>!IN.A,\D.J)D,GE.LLlHIT.AND.DD.LT.ULIMIT)TKEN
D F (I)= D F (I)+ 1
PHI=PHI+PK(J)
60 CONTINUE
BFTOT=DFTOT+DF(I)
50 CONTINUE
DO 70 1 = 1 ,NI
DF(Ij=D F(I)/D FTO T
70 COSTISUE
PHI=PHI/DFTOT
C CALC. DENSITY DISTRIBUTION POINTS FOR ICSCUU WHICH CALCULATES
C THE CUBIC SPLINE COEFFICIENTS
DO 100 K=2,N-I+1 
X L(K )=(K -1.5)*H  
YYF(K)=DF(K-1)/H
100 CONTINUE
XL(NX)=CS-X-2)*H
C CALL SUB TO EVALUATE SPLINE COEFFICIENTS
CALL ICSSW X L.Y Y F, NX, YF, COEF, IC , I JOB, WK, IER)
C CALC OF NEW NUMBER OF POINTS AND THEIR V'ALC.’ES FOR L
HNEW’= 1 0 .
N=XL(NX)/HNEW+1
H=HNEW
DO 110 K=1,N
110 L(K)=(K-1)*H
C EVALUATION OF F (L ) FOR THE VALUES OF L
CALL ICSEVUCXL.YF.NX.COEF, I C ,L ,F ,N , IER)
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DO 115 1 = 2 ,N 
115 F(I)=A M A X 1(F(I),0 .0 )
F(N )=0 .0
C NORMALISE F(L)
CALL ICSCCU(L,F,N,COEF,IC,IER)
CALL D CSQD U (L,F,N ,CO EF,IC,L(l),L(N ),SU M ,IER) 
DO 120 K=1,N 
120 F(K)=F(K)/SUM
C PRINTING OF THE SHAPE FACTOR
WRITEC10,150)PHI 
ISO FORMAT(//, 'THE SHAPE FACTOR = ' , F 4 . 1 , / / )
C PRINTING DF SIZE DISTRIBUTION
VRITE(10,*-)N,H 
DO 130 K=1,N
WRITE( 1 0 ,140)L(K ),FCK )
140 FORMAT(5X.F5. 1 , 10X .F9,7 )
130 CONTINUE
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APPENDIX H . PROGRAM 2
T h is  p rog ram  e v a lu a te s  t h e  s i z e  d i s t r i b u t i o n  from  r e s u l t s  o f  t h e  image 
a n a ly s e r .  The image a n a l y s e r 's  r e s u l t s  a re  i n  t h e  form  o f  g rap h s  o f  p a r ­
t i c l e  s i z e  v s .  th e  m ass f r a c t i o n  p a s s in g  t h a t  s i z e ,
T h e  a lg o r i th m
I n i t i a l i s a t i o n
In p u t  o f  t h e  d a ta  from  th e  g ra p h s  w h ich  i s  th e n  a v e ra g e d .
A c u b ic  s p l i n e  i s  f i t t e d  th e  d a t a  and th e  m ass d i s t r i b u t i o n  i n t e r p o la t e d
The m ass d i s t r i b u t i o n  i s  c o n v e r te d  t o  a  number d i s t r i b u t i o n  and 
n o rm a l is e d .
T h e  p r o g ra m
C INITIALISATION
DIMENSION F(100 ),X (100 ),Y (.10G ) ,C 0E F (100 ,3) ,P ( 5 ,1 0 0 )  ,FP (100) 
DIMENSION VAL(100},k’K l200f j,Y V (100)
REAL 1,(500)
C SET PARAMETERS FOR IMSL ROUTINES
C INPUT OF DATA
READ(1 5 ,*)NP,H,NE 
DO 10 1 = 1 ,NP
READ( 1 5 ,* ) ( P ( J , I ) ,J = 1 ,N E )
C AVERAGING THE READINGS
FP (1)=0  
DO 20 J=1,NE
F P ( I) = F P ( I ) + P (J , I )
20 CONTINUE
F P (I)= F P (I) /N E
10 CONTINUE
C CALC. DATA P0IN .S FOR ICSSCV
NX=NP+1
DQ( 40 K=2,NP 
X (K )-(K -l,5 )* H  
Y Y (K )-(F P (K )-F P (K -l))/H  
40 CONTINUE
XMAX=(NX-2)*H
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T p r
YY(NX)=0
C CALL SUB TO EVALUATE SPLINE COEFFICIENTS
CALL ICSSCV (X ,y¥,NX,y,COEF,IC ,1J0B,W K,IER)
C SET REQUIRED SIZE DISCRETISATIONS
HNEW=10,
C CALC OF THE KEV; NO. OF POINTS AND VALUES FOR L
N-XMAX/HNEW+1
K=HNEW 
DO 50 K=1,N
50 L (K )=(K -1)*H
C EVALUATION OF F (L ) FOR THE VALUES OF L
CALL ICSEVUCX,Y,NX.COEF,IC,L.F,K,IER)
C CONVERSION TO NUMBER FRACTION
DO 60 K=2,N
F(K)=AM AX l(0.0,F(K )/L(K )=i*3)
I F (L (K ).L E .5 0 .0 )F (K )= 0 .0
60 CONTINUE
F(N )=0
C NORMALISE F(L)
CALL ICSCCU(L,F,N,COEF, IC , IER)
CALL D CSQDU(L,F,N,CGEF,IC,L(1),L(NJ,SUM ,IER)
DO 90 K=1,N
90 F(K )=F;K ) 'SUM
C OUTPUT OF DISTRIBUTION
W RITEUO,*)N,H 
DO 110 K=1,N
V R IT E (10 ,120)L (K ),F fK )
120 FORMAT{5X,F5. 1 , 10X ,F9.7 )
110 CONTINUE
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APPENDIX I .  PROGRAM 3
I n i t i a l i s a t i o n
In p u t  o f  s i z e  d i s t r i b u t i o n
C a lc , o f  f i r s t  th r e e  moments and t h e i r  r a t i o s
DO LOOP f o r  each  e x p e r im e n ta l ru n
R ead ing  i n  o f  e x p e r im e n ta l  r e s u l t s
DO LOOP f o r  eac h  ta n k
C a lc , o f  c o n v e rs io n  and e x p e c te d  f e r r o u s  c o n c e n t r a t io n  end mass 
f lo w ra te s  f o r  th e  g iv e n  f e r r i c  io n  c o n c e n t r a t io n s .
C a lc , o f  T from  th e  e q u a t io n
C, = [3n»oeT - 6 (h , ) 3Ts + 6 ( r i0) 3T J/ B 1] / ? s
F o r c e r t a i n  v a lu e s  o f  T , C had t o  b e  expanded  u s in g  a  T ay lo r  
s e r i e s  t o  e l im in a te  ro u n d in g  e r r o r s ,
C a lc , o f  f , ( t ) from  T.
o and 6 w ere  c a l c u l a t e d  d u r in g  th e  i n te r m e d ia te  s t e p s .
C a lc , o f  th e  f i r s t  t h r e e  moments and t h e i r  r a t i o s .
C a lc , o f  A from :
A=ln[ ( 3 p /# t i ) ( Q /V ) r iu / t ' ) ]  
and c a l c ,  o f  ln ( F e s+ l 
END OF LOOP f o r  e ac h  ta n k  
END OF LOOP f o r  th e  e x p e r im e n ta l ru n s
C a lc , o f  k i n e t i c s . T h is  i s  f i r s t  done u s in g  l i n e a r  r e g r e s s io n  on b o th  
ta n k s  and  th e n  s e p a r a t e ly  or. e ac h  ta n k .
T h e  p ro g ra m
C INITIALISING OF PROGRAM
COMMON /BL0C1/L,F,N,NT,H,M.T.CONV.C.M ASS,Q 
DIMENSION" C fS i ,C 2 (5 ) ,C C fS ) ,A (5 ) ,F f  5 .500  l.VALCSOO)
DIMENSION T(51,C0NV(5).COEFfSOO, 3 ! ,RMASS(5),RC2(5)
DIMENSION YPL0TC5 , 10),XPI,OT(5,1 0  j .KATI01 (5 ) ,RATI02(5)
DIMENSION ALPHA(51,BETA(5)
REAL L(500),M A SS(5),M (5,SOO )
EXTERNAL FOXC
C DEFINE THE PARAMETERS FOR THE IMSI, ROUTINES
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IC=500
C READING IN OF THE FEED SIZE DISTRIBUTION
READ(10,*)N,H 
DO 10 1 = 1 ,N 
10 R E A D (1 0 ,* )L ( I) ,F (1 ,I )
C CALCULATION OF THE FIRST THREE MOMENTS OF THE FEED AND
C THEIR RATIOS
DO 40 1=1,3 
40 CALL M O M (L,F,N ,H ,N T,I,K {N T,I))
CALL RATIO(NT,M.RATIOl.RATI02)
C DO LOOP TO EXECUTE THE PROGRAM FOR EACH EXPT. RUN
DO 100 K=1,NRUN
C READING IN OF THE SYSTEMS VARIABLES
READ(ll,*)IRCN,M ASS(1 ) ,C ( 1 ) IA (1 ) ,C 2 (1 ) ,Q ,
?> MASS (2 ) ,C ( 2 ) ,A ( 2 ) ,C 2 ( 2 ) ,
#  M A S S (3 ),C (3 ) ,A (3 ) .C 2 (3 ) ,
C MEASURED EXPERIMENTAL VALUES ARE ASSIGNED TO DUMMY VARIABLES
DO 50 NN-1,3
RHASS(NN)=MASS(NN)
RC2(NN-)=C2(NN)
CCfNN)=C(NN)+C2(NN)
50 CONTINUE
C DO LOOP FOR THE TANKS. SUBSCRIPT 1 REFERS TO THE FEED,
C 2 TO THE 1ST TANK AND 3 TO THE 2ND TANK.
DO 70 NT=2,3
C CALC. OF TAU/T* AND CONVERSION FOR THE GIVEN FE3+ CONC.
CO N V (N T')=Q /2.*lC (N T-l>-C(NT).l/N A SS(ST-im oO .
MAXFN=100
RLIM1=0.0
RLIM2-1.0
CALL ZBRENT(FOXC,EPS ,NSIG ,RLIMi. ,RLIM2 .MAXFN, IER) 
?(NT)=RLIM2
C CALC. OF VARIABLES FOR TANK NT
C2(NT)=C2 fN T -1 )+ IC fN T -l)-C (N T ))*1 .5 
MASS(NT)=(1.-C0NV(NT)/100.)*MASS(NT-1)
C CALC. OF FCLi FOR TANK NT
CALL FOL(L,F,N,NT,H.M.TfNT),ALPHA,BETA,IRUN)
C CALCULATE THE FIRST THREE MOMENTS IN TANK NT AND
C RATIOS
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DO 80 1=1 ,3  
80 CALL M O M (L,F,N ,H ,NT,I,M (NT,I))
CALL RATIO(NT,M,RATI01,RATI02)
C CALC. OF POINTS FOR PLOT TO OBTAIN KINETICS
XFLOT(NT,K)=ALOG(C(NT)/55. 85E -3) 
Y PLO T(N T,K )=ALO G (Q *M (N T-l,n*T(N T)/(2.4822n-’VPHI))
70 CONTINUE
C END OF LOOP FOR THE TANKS
C PRINTOUT ROUTINE
CALL PRINT(Q,C,C2,RC2,CC,A,MASS.RNASS,T,CONV,M,
It IRUN, XPLOT, YPLOT, RATI 0 1 . RATI 02 , ALPHA, BETA, NRUN)
100 CONTINUE
C END OF LOOP FOR THE EXPT. RUNS
C CALC. OF REACTION KINETICS
CALL REACT(NRUN,XPLOT, YPLOT)
C END OF MAIN PROGRAM
C FUNCTION TO EVALUATE THE DIFFERENCE IN THE CONVERSION
C CALCULATED FROM THE GIVEN T AND THE CONVERSION
C CALCULATED FROM THE SYSTEM'S CONCENTRATIONS.
C (THIS IS  FOR THE SUBROUTINE 2BRENT)
FUNCTION FOXC(A)
COMMON / BLOC1ZL,F .N,NT, H, M.T , CONY, C,MASS, Q 
DIMENSION C ( 5 ) ,F ( 5 ,5 0 0 ) ,T(5j,CD N V(5)
REAL L(500),M A SS(5) ,M (5 ,500)
C CALL^CONVER TO CALC. CONV FOR THE GIVEN T
CALL CONVER( L, F , N, NT, H,M,T (N T ), CCONY, NOTE)
FOXC=CONV(NT) -CCONV
RETURN
C SUBROUTINE TO CALC. ORDER AND RXN CONSTANT BY LINEAR RE CSSION 
SUBROUTINE REACT(NRUN.XPLOT,YPLOT)
DIMENSION XI’L0T(5 ,1 0 ) ,  Y PL O T (5 ,10),X (3),X X (3),X Y (3),Y (3)
DO 5 1=2,3
DO 10 K=1,NRUN
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X (I)=X (I)+X PL O T(I,K ) 
X X (n=X X (I1+X PL0T(I,K )**2 
Y(1)=Y (I)4-YPL0T(I,K ) 
X Y (n=X Y (I)+X PLO T(I,K )*Y PLO T(I,K )
10 CONTINUE
5 CONTINUE
X (1)=X (2)+X (3)
XX())=XX(2HXX(3)
Y(1)=YC2)+Y(3)
NN=NRUN*2
C REACTION KINETICS USING BOTH TANKS
0RDER=1.0
RC ON ST=EXP((Y (l)-X (l))/N N )
WRITE( 1 4 ,* ) ORDER,RCONST
C REACTION KINETICS OVER EACH TANK
DO 50 1=2 ,3  
0RDER=1.0
RCONST=EXP((Y(I)-X(I))/NRUN)
WRITE(1 4 ,*)ORDER, RCONST •
SO CONTINUE
RETURN
C SUBROUTINE FOR CONVERSION
SUBROUTINE CON\’E R (L ,F 1N,NT,H,M,T,CONV,NOTE) 
DIMENSION F(5,5O 0),VA L(500),C OEF(SO O ,3 )
REAL LfSOO),M (S,500)
I F ( T . LE.0 .0 0 1 )THEN 
CONV=0
0 CONVERSION USING TAYLOR SERIES
CQEF1=(T*M(NT*1 ,1 ) )* * 3 .* 6 . /M (NT-1 ,3 )  
C0EF2=-1. / (M(NT-1, l l* T )
DO 10 1=4,21 
C CALC. OF I TH MOMENT
CALL M 0H{L,F,N,H,NT-1, I,M (N T -1 , I ) )
DO 30 K=1, I 
30 FACT=FACT*K
SUM1=C0EF2**I/FACT*M(NT-1,1 )
SUM=SUM+SUM1
IF(ABS(5UH1'>COEF1*100;.LE.0.1E-6)GOTO 40 
10 CONTINUE
40 LINE=40
C0NX'=(1.-C0EF1*SUM)*100.
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NOTF,=I
C CONV BY ANALYTICAL METHOD
CF{N0TF..GT.20)THEN 
C O E Fl=3.-*M (N T -l,l)*M (N T -l,2 )/M (N T -l,3 )
CQEF2-6.*M(NT-1 ,1 )**3/M (N T-1 ,3 )
COEF3=-1 . / (M(NT-1, 1)*T)
DO 50 J=1,N  
C0EF4=AMAX1( - 3 0 .Q, L(J^*C 0EF3)
50 V A L(J)=EX P(C0EF4)»F(N T-1,J)
CALL SIMP(N,H,VAL.RINT)
 ^CONV=(COEFl*T-COEF2*T'v*2+CO EF2*(l. -R IN T )*T **3)*100.
RETUSK
C SUBROUTINE TO EVALUATE F(L )
SUBROUTIN-E FOLfL.F.N,NT,H,M,T,ALPHA,BETA,IRUN)
DIMENSION F ( 5 ,3 0 0 ) ,VAL(500).COEFlSOO,3 ) , ALPHA( 5 ) , BETA(5) 
REAL L (500),M C 5,500)
ALPHA(NT)=1, / (M (N T-1,1)*T)
C CALC. OF BETA
DO 10 J=1,N
C0EF1=AMAX1( - 3 0 , 0 , -ALPHA(NT)*L(J))
VAL(J J=EXP(C0EF1)*F(ST-1, J )
10 CONTINUE
CALL ICSCCU(L,VAL,.N,C0EF,1C,I"R)
CALL DCSQDU(L,VAL,N,COEFl I C ,I .( l ) ,L ( N )  ,RINT,IER) 
B E T A (N T ;=1 .0 /(l,0 -R rN T )
DO 20 K=1,N 
DO 30 J=K,N
C0EF3=AMAX1 ( - 3 0 .0 ,  ALPXA(NT)*(. . f n - L ( J ) ) )  
V AL(J)=EXP(COEF:iJ*F(NT-l,J)
30 CONTINUE
CALL ICSCCUCL,VAL, K, COEF,IC,IER)
C&LL DCSQtKJ(L,Y^L,N,CORr, 1C,L(K) , LV'1 ,R1KT,1ER)
F(NT,K)=BETA(NTl'>ALPHA(NT1*RINT
K N T,K )=AM AX1(0.0,F(NT,K))
20 CONTINUE
C NORMALISING F(L )
DO 40 1 = 1 ,N 
40 V A L(I)=FfN T ,I)
CALL SIMP(N,H,VAL,SUM)
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DO 50 J=1,N  
50 F(N T .J)=F(N T,J)/S U >i
RETURN
C SUBROUTINE TO CALCULATE MOMENTS
SUBROUTINE MOM(L,F, N,H,NT, I,RMOM)
DIMENSION F(5,S00),V A L (5(K »
REAL L (500)
DO 10 J=1,N  
10 V A L (J)« F (N T ,J )* L (J1 * * (I* 1 .0 )
CALL SIMP(,N,H, VAL, RMOM)
C CALL ICSCCUa.VAL.N.COEF.IC.IER)
C CALL UCSQDU(L,YAL,N,COEF,IC,L(l),L(Ni,RM 0M,IER)
RETURN
C SUBROUTINE TD EVALUATE RATIOS OF THE MOMENTS
SUBROUTINE RATIO(NT,M.RATlOl,RATI02)
DIMENSION RA TI01(5) ,RATI02(5)
REAL M (5,500)
RATIO 1 (NT l=MfNT,21 /M(NT.1)»>*2 .0  
RA’riC 2fN T )=?/(NT, 2 
C WRJ.TE(19,A)RATI0HNT),RATI02(NT)
C IFCNT.EQ, 11WRITE(19,* )
C IF(N T.E Q .3 ) WRITE(1 9 ,* )
RETURN
0 SUBROUTINE FO rMPSOXS INTEGRATION
SUBROUTINE SIMPlN.II.VAL.RINT)
DIMENSION VAL(500)
0DD=0.
IF(N /2*2 ,E Q ,N )W R IT E (6 ,*)'N  NOT ODD FOR SISSO N S'
DO 10 1 = 2 ,N l ,2 
10 ODD=ODD+VAL(I)
DO 20 1 = 3 ,N 2 ,2 
20 EVEN=EVEN+VAL(I)
RIN T=(V A L(l)+i,,EVEN+2'10DD+VAL(N) )* H /3 .
RETURN
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C SUBROUTINE TO PRINT RESULTS
SUBROUTINE PRINTCQ.C,C2,RC2,CC,A,MASS,RHASS,T,C0NV,M,
# IRUN.XPLOT.yPLOT.RATIOl, RATIOS.ALPHA.BETA.NRUN)
DIMENSION C ( 5 ) 1G 2 (5 ) ,C C (5 ) ,A (5 ) ,F (5 ,5 G 0 )1VAL(50 J,SUM(5) 
DIMENSION r(:),C 0 N V (5 ).C 0 E ?(5 0 D ,3 ),S i]A S 5 (5 ) ,RC2(5)
DIMENSION YPLOT(5.10) X:-j.OT(5.1 0 )  ,RATI01 (5 ) .RATI02(5) 
DIMENSION ALPHA(5) .BETAi-S)
REAL L (S 00 ),H A S S (5 )IM (5,500)
V Rn’E ( n l 10)IR(A 
10 PO R M A T C .pa './.S O y .'R U N ', 1 2 , / , ' ,s k  V , / ,
1 15 25 35 4 5 ')
\VRITE(13,30)
30 FORHAT(18X, 'FEED1 ,5X, 'TANK V.AX.'TANK 2 ' ) / , ' . b x ' )
WRITE( 1 3 ,100)Q,Q ,Q , 
lyRMASS(1 > .RMASS( 2 ) , RMASS( 3 ) ,  HASS( 1 j  ,MAS8(2) ,MASS f 3 ) ,  
# C C (n .C C (2 ),C C (3 ),
f lC ( l) .C (2 ) ,C (3 ) ,R C 2 (l ) .R C 2 (2 ) ,R C 2 (3 ) ,
#‘C 2 (1 ) .C 2 (2 ) ,C 2 (3 ) ,
«>CONV(2),GON\-(3),T(2),T(.3),
MLPHA { 2 ) ,  ALPHA f 3 ) ,  BETA 12 ) ,  BETA ( 3 ) ,
i>XPLOT(2. IRUS) ,XPLOT(3. IRON] ,Y$’LOT(2, IRUN), YPI,OT(3, IRUN) , 
/IM(1>1 ) .H ( 2 ,1 ) ,>1(3 ,1),
;iR A T I01 (11 ,R A T K i(2 ),R A T I01 (3 ),R A T I02 (l) ,R A T r02 (2 ),R A T I02 (3 )
100 PORffAr(2X,
# 'Q ',1 3 X .F 7 .3 .3 X ,F 7 .3 ,3 X ,F 7 .3 , / ,2 X ,
0'M  by e x p t . 1 ,4 X .F 7 .3 ,3 X .F 7 .3 ,3 X ,F 7 .3 ,/ ,2 X ,
# ’M by M .B .' ,5 X ,F 7 .3 .3 X ,F 7 .3 ,3 X ,F 7 .3 ,/ ,2 X ,
# 'F b ’ ,10X )F 7 .3 13 X ,F 7 .3 .3 X ,F 7 .3 ,/ ,2 X ,
« ' F e3+' , 10X ,F7. 3 , 3X ,F7. 3 , 3X ,F7 , 3 , / ,2X, 
# 'F e z+ ',1 0 X ,F 7 .3 ,3 X ,F 7 .3 ,3 X ,F 7 ,3 , / ,2 X ,
# 'F e i+ by h ,B . 1, 3X .F7 . 3 ,3 X ,F 7 . 3 .3 X .F 7 . 3 , / , 2X,
C o n v e rs io n ' ,  14X’,F 7 .3 , 3 X ',i7 .3 , /  ,2X, 
r - l / t '  , 20X.F7 .3 ,  3X.F7 .3 ,  /  ,2X,
#>’a , ,2 3 X ,F 7 .3 .3 X ,F 7 .3 ,/ ,2 X ,
, 23X .F7 . 3 13X,F7 . 3 , /  , 2X,
# ' ln ( F e , + ) ‘ , 16X .F7.3 ,3 X ,F 7 .3 , 2X, 
# 'A I .23X )F 7 .3 ,3 X ,F 7 ,3 , / ,2 X ,  
/ / ' n ’ ,2 3 , '( ,F 7 .3 ,3 X ,F 7 .3 ,3 X ,F 7 .3 ,/ ,2 X , 
/>, o /n 2 ',1 0 X lF 7 .3 ,3 X 1l '7 .3 .3 X ,I '7 .3 , / ,2 X ,  
,1 0 X ,F 7 .3 ,3 X ,F 7 .3 .3 X ,F 7 .3 ,/ ,
#*’ .bx  o f f  ,s k  2 ')
W RITE(13,S0)
50 FGRMAT(
# 'A  = 1,
»/' InC ( Q / ' V ) ( f 1 , / i
# ' The Fe io n  c o n c e n t r a t io n s  a r e  i n  g /V  , /  ,
# 'Q ............................  Volume f lo w r a te  1 /ra in 1, / ,
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#'M  by e x p t..........................E x p e r im e n ta l m ass r a t e s  g /m ln * , /
i f ' t t  by M.B. . .Mass r a t e s  from  th e  mass b a la n c e  g /m in " , /
# ' n .................................................................... . f i r s t  moment pm1, /
p ' a  . . . s e c o n d  moment pm "
p '%  t h i r d  moment pm5 )
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VM by e x p t .
F e 2 by M.B.
M by  e x p t. .E x p e r im e n ta l 
M by M .B .. .Mass r a t e s  from  th e  mi b a la n c e  g /m in
S /1
A = l n ( ( 3 p /4 u ) ( Q /V ) ( t / t  )n )
A ppendix  J .  P - s u l t s  o f  p rog ram  3
q 0 .1 5 0  0 .1 5 0  0 .1 5 0
M by  e x p t .  3 .207  2 .0 1 8  1 .562
M by  M.B. 3 .207  1 .909  1.609
Feaq  35 .740  48 .6 7 0  49 .700
F e ,+  23 .500  6 .190  2 .190
F e2* 12 .240  4 2 .4 8 0  47 .5 1 0
F e 2+b y  M.B. 12 .240  38 .205  44 .205
C o n v e rs io n  40 .4 8 2  15.717
T / t*  0 .2 4 9  0 .0 8 4
b 0 .0 2 1  0 .079
B 1 .034  1.012
l n ( F e '1  4 .7 0 8  3 .669
A -0 .4 8 4  -1 .8 1 4
■9 192 .538  151 .622  141 .356
o /n 2 1 .104  1 .214  1 .244
n a/S  0 .747  0 .5 9 0  0 .556
Q Volume f l e v i a t e  1/m in
M by e x p t .........................E x p e r im e n ta l m ess r a c e s  g/m in
M by  M .B ...M ass r a t e s  from  th e  mass b a la n c e  g /m in
h ........................................................................f i r s t  moment pm
□.....................................................................se co n d  moment pm2
K .......................................................................t h i r d  moment pm’
The F e  io n  c o n c e n t ra t io n s  a re  in  g /1  
A =  ln ( ( 3 p /* u ) ( Q /V )f T / t* ) n )
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FEED TANK 1 TANK 2
0 .200 0 .200 0 .2 0 0
M by  e x p t . 3 .236 1 .610 1.232
M by  M.B. 3 .236 1 .656 1 .304
F% M .W O
45 .320 47 .9 9 0
23 .650 7 ,850 4 .3 3 0
F e2+ 11,830 37 ,470 43 .660
F e 2+b y  M.B. 11 .830 35 .530 40 .8 1 0
C o n v e rs io n 48 .8 2 6 21 .256
t / t * 0 .343 0 .125
0 .015 0 .056
B 1.083 1.032
ln ( F e ,+ ) 4 .946 4 .3 5 1
A 0 .125 -1 .1 8 4
n 192 .538 143.095 130 .158
s / n 2 1 .251 1.293
n 3/ i 0 .5 5 0 0 .507
Q Volume f lo w ra t*  1/m in
M by e x p t  E x p e r im e n ta l m ass r a t e s  g /m in
M by M.B. . .M ass r a t e s  from  th e  m ass b a la n c e  g /m in
n  f i r s t  moment
o  se co n d  moment um1
5  t h i r d  moment pm2
The Fe io n  c o n c e n t ra t io n s  a re  i n  g /1  
A = I n ( f 3 p /# « ) (Q /V ) (T / t* )n )
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FEED TANK 1 TANK 2
Q 0 .2 5 0
M by e x p t . 1 .276
K by M.B. 1.796 1 .276
F eaq 37 .980 44 .6 2 0 48 .6 3 0
24 .500 12 .860 8 .700
F e 2"*' 13 .460 31 .960 39 .930
F e 2+by M.B. 13 .480 30 .940 37 .180
C o n v e rs io n 44 .755 28 .953
r / t *
a 0 .018 0 .037
6 1.055 1 .048
lnC Fe3+)
A 0 .193
n 192.538 147.152
o /n 2 1 .104 1 .233
, ' / (
Q Volume f lo w ta t*  1/m in
M by e x p t  E x p e r im e n ta l mass r a t e s  g /m in
M by  H .B .. -Hass r a t e s  from  th e  mass b a la n c e  g /m in
n .......................................................................f i r s t  moment pra
o  second  moment pm2
5  . . . . t h i r d  moment pm2
The Fe io n  c o n c e n t ra t io n s  a r e  in  g /1  
A = ln ( ( 3 p /» w )( Q /V )( T /t  in )
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FEED TANK 1 TANK 2
Q 0 .3 0 0 0 .300 0 .3 0 0
M by e x p t . 3 .117 1 .602 0 .9 7 1
H by M.B. 3 .117 1 .656 1 .044
F- . ,
37 .720 42 .990 * 3 .7 6 0
24 .800 15 .060 10 .980
F .= * 12 .920 27 .930 34 .780
FBI+by  M.B. 12 .920 27 .530 13.650
C o n v e rsio n 46 .672 36 .957
T /t*
a
» 1 .068 1 .092
ln ( F e 1+) 5 .597 5 .2 8 1
0 .456 -0 .0 3 0
n 192 .538 145.017 121 .052
o /n 2 1 .104 1 .242 1 .334
u v e 0 .747 0 .559 0 .4 7 0
Q Volume f lo w ra te  1/m in
M by e x p t  E x p er im e n ta l mass r a t e s  g /m in
M by M .B ,..M ass r a t e s  from  th e  mass b a la n c e  g /m in
t i .......................................................................f i r s t  moment pm
o ,  se co n d  moment uo2
C ,  t h i r d  moment pm1
The Fe io n  c o n c e n t ra t io n s  a re  in  g /1  
A =  l n ( ( 3 p / # # ) f Q / V ) ( T / t * ) n )
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TANK 1 TANK i
Q 0 .500
M by  e x p t . 1 .725 1 .136
>1 by  M.B. 1.769 1 .124
40 .4 6 0
P e ' +
P e J+ 12.570 2 1 .3 6 0 24 .970
F e 1+by M.B. 12.570 20 .820 24 .690
C on v ersio n
t / t
a
6 1.049 1 .081
ln ( F 8 ,+ ) 5 .835 5 .690
A 0 .846 0 .4 6 6
n 192.536 148 .202 123.460
o / n ! 1 .104 1.229 1.321
nV 5 0.747 0 .5 7 4 0 .481
Q Volume flo w ra te . 1/m in
M by e x p t  E x p e r im e n ta l mass r a t e s  g /m in
M by M .B ,, .M ass r a t e s  from  thw m ess b a la n c e  g /m in
H........................................................................ f i r s t  moment yra
0 ..................................................................... se co n d  moment urn2
t  t h i r d  moment tim1
The Fe io n  c o n c e n t r a t io n s  a re  i n  g /1
A = l n ( ( 3 p /# u )(q/V)(T/t*}n)
Appendix J. Results of‘program 3
FEED TANK 1 TANK
Q 1.000 1 .000
M by e x p t . 3 .219 1 ,680
M by M.8. 3 .219 1 719
Feaq 35 .550 37 .200
F e]+
F e2 + 11 .850 15 .370 16 .500
F e ,+ by M.B. 11.650 14 ,805 16 .350
C o n v e rs io n 30 .600 23 .053
i / t * 0 165 0 .126
o 0 .031 0 .049
fl 3.008
I n (F e }+) 3 .9 6 4
A 1.002
it 192 .538 144.575
O /Tl1 1 .104 1 .225
0 .747 0.575
Q Volume f lo w ra te  1/m in
M by e x p t  E x p e r im e n ta l m ass r a t e s  g /m in
M by M.8 . . . Mass r a t e s  from  th e  mass b a la n c e  g /m in
n ........................................................................f i r s t  moment ym
e .....................................................................sncond  moment um2
| ..................................................................   . t h i r d  roomcjit pm3
The Fe io n  c o n c e n t r a t io n s  a re  in  g /2  
A = ln ( ( 3 p /# « ) ( Q /V )( T / t* ) n )
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A PPEN D IX  K . FEED SIZ E  D IS T R IB U T IO N
s i z e  (ym) f ( t ) s i z e  (ym) f ( e )
0 0 .0000000 260 0.0026285
0.0000000 270 0.0022759
0 .0000000 280 0 .0019724
0 .0000000 290 0.0017038
0.0000000 300 0.0014621
0 .0000000 310 0 .0012451
0.0000000 0.0010509
0 .0000000 0.0008737
0 .0000000 0 .0007077
0 .0008497 0 .0005536
0.0022647 f . 0004204
0 .0036269 0.0003146
v 0048796 0.0002345
0 .0059155 0 .0001759
0 .0066797 400 0.0001335
0.0071453 410 0 .0001002
0 .0072755 420 0.0000709
0.0070908 430 0 .0000455
0.0066836 440 0 .0000258
0.0061433 450 0 .0000125
0.0055452 460 0 .0000043
0 .0049642 470 0 .0000001
0.0044398 480 0 .0000000
0.0039569 0 .0000000
0.0034899 0 .0000000
250 0.0030383
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APPEND IX  L. G RA PH S FROM TH E  IMAGE ANALYSER
lr‘i"i . iiv 25» i.ii.' 
fn!fine 'i:E iii(
fuFniii: ':i:t m-
Appendix L. Graphii from the .'cape analyser
- m  :w  " '0  3')0 Mo w  450 9W
PnPTiaE s i : e me
" m - ' l 5 ( i  ;i>0 .‘•Srt 7ut) 15(1 jOO 450  
W IK L E  OICE IUC
Appondi.x L. G raphs trora th e  in a g o  a n a ly s e r
APPENDIX M. PHOTOGRAPH OF THE IRON PARTICLES
APPENDIX N . RUN WITH SAND AND WATER
Thi sy stem  wes Am u s in g  sam l and f i l e r .  Sam ples from  each ta n k  w ere ta k e n  
then  th e  ta n k s  w ere s to p p e d  and  th e  mass o f  sa n d  and volum e o f  w a te r  in  
th e n  m easu red . The r e s u l t s  a re  shown in  th e  t a b l e  below .
Sample M ass(g) V ol. Cl) Cone, (g /1 )
4 ,0 9 0 .h25 4 ,9 6
2 3 ,9 5 0 ,815 4 ,8 5
3 4 ,1 0 0 ,8 2 0 5 ,0 0
Tank 1 0 ,920
rank  2
mass r a t e  o f  sand  in to  th e  sy s te m  = - , 1  g /m in  
f 'c w v a v e  o f  w a te r  i n to  th e  sy s te m  =  0 ,3 3  3/m in 
th e r e f o r e  in p u t  c o n c e n t ra t io n  = 5 ,0 6  g s a n d /1  w ater
S in ce  tn a  c o n c e n t ra t io n s  in  t h e  ta n k s  and o u t l e t  s tre am s a r e  th e  sam e, 
; he ' sn k s  m ust b e  w e ll-m ix ed .
APPENDIX O, EXPERIMENTAL RESULTS
F e e d  C o n d itio n s
l iq u i d  f lo w ra re  
s o l i d  Fe f lo w ra te  
aqueous Fe c o n c e n t ra t io n  
F e3 c o n c e n tra t io n  
F e2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
=» C. 100 1/m in 
-  3 ,1 7 5  g /m in
= 36 .4 4 0  g / I  
= 33 .6 0 0  g /1  
= 13.64-0 g /1  
= 6 .7 0 0  * /
sam ple  volum e 
sam ple mass
aqueous Fe c o n c e n t r a t i t  
F e 3 c o n c e n t ra t io n  
F e2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
= 49 .000  g /1  
= 3 .7 5 0  g /1  
= 46 .2 5 0  g /1  
= 8 ,650  g /1
sam ple volum e 
sam ple mass
aqueous Fe c o n c e n tra t ic  
F e3 c o n c e n t ra t io n  
F e 2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
= 50 .100  g /1
-  2 .8 5 0  g /1
= 47 .2 3 0  g /1
-  6 .600  g /1
sam ple
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aquaous Fe c o n c e n t ra t io n  = 4 5 .9 5 0  g /1
F e 3+ c o n c e n t ra t io n  = 2 .9 0 0  g /1
F e 2 c o n c e n t r a t io n  = 4 3 .0 5 0  g /1
a c id  c o n c e n t r a t io n  = 5 .7 5 0  g /1
sam ple  volum e = 0 .1 1 0  1
sam ple  mass = 2 .0 2 4  g
aqueous Fe. c o n c e n t ra t io n  = 4 8 .5 9 0  g /1
F e ,+  c o n c e n t r a t io n  =  0 .5 0 0  g /1
F e2+ c o n c e n t r a t io n  = 40 .0 9 0  g /1
a c id  c o n c e n t r a t io n  “  8 .6 5 0  g /1
sam ple  volum e “  0 .305  1
sam ple  mass = 2 .0 1 0  g
aqueous Fe c o n c e n t ra t io n  = 50 .2 2 0  g /1
F e 3"1" c o n c e n t ra t io n  = 0 .5 0 0  g /1
F e l+  c o n c e n t r a t io n  “  4 9 .7 2 0  g /1
a c id  c o n c e n t ra t io n  -  6 .6 0 0  g /1
sam ple  voiiime = 0 .109  ]
sam p le  m ass -  2 .0 4 6  g
aqueous Fe c o n c e n t ra t io n  = 4 9 .0 5 0  g /1
F e ' c o n c e n t ra t io n  = 0 .4 5 0  g/1
F e 1 c o n c e n t ra t io n  -  48 .6 0 0  g /1
a c id  c o n c e n t ra t io n  ™ 8 .6 0 0  g /1
F eed  C o n d i tio n s
l iq u i d  f lo w r a te  = 0 .1 5 0  1/mii
s o l i d  F s  f lo w ra te  = 3.20V g /f tij
aqueous Fe c o n c e u tra c  ior. = 35 ,740 g /1
F e ,+  c o n c e n t r a t io n  = '2 .5 0 0  g / l
Fe* c o n c e n t r a t io n  = 12 .2*0  g /1
a c id  c o n c e i i t r a r io n  ~  8 .850  g /1
Sample 3. sam p le  volume
aqueous Fe c o z ic e ii tr a tio n
F e2 c o n c e n t ra t io n  
a c id  c .cn t.c tiL ratjon
F e ' ' c o n c e n tre ;
s c id  c o n c e n tra t io n
.-.-imple vo i  time
i’quuous ii-  (..oncontri
Fr 2 c o n c e n t r j l io n  
n c id  c o a c M .tra tio r .
> - 8 .4 8 0  g /1  
; 6 .0 5 0  g /1
 ^ 42.431) g /1
8 .5 5 0  g /1
' 4M.700  g /1  
• 5 .5 5 0  g /3
> 4 4 .1 5 0  s /1  
: 8 .8 0 0  s /1
‘ 47 .4 0 0  g /1  
- A 0 .550 g /3
‘ P . 700 g /i.
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1
Sample 4 sam p le  volume
sam ple  mass
aqueous Fo cone u t r a t i o n  
F e 3"1" c o n c e n t ra t io n  
F e 1"1" c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
sam ple  volume 
sam ple  mass 
aqueous Fe c on* .'’ 
F e ’4' c o n cc n tra L K  
F e1 c o n c o n tr a t ic
Sample 2 sam ple  volume
sam ple  mass
aqueous Fe c o n c e n t ra t io n  
Fe'" c o n c e n t ra t io n  
F e 1 c o n c e n t ra t ic i i  
a c id  c o n c e n t ra t io n
Sample 3 sam ple  volume
sam ple  mass
aqueous Fo c o n c c i 'lr .a tio n  
F e 3 c o n c e n t ra t io n  
F e1 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
sam ple  volume 
sam ple  mass
aqueous Fc- c o n c o n tr a t io i’ 
F e J+ c o n c e n t ra t io n
0 .157  1 
2 .5 8 9  g 
49 .0 3 0  g /1  
6 .3 0 0  g /1  
42 .7 6 0  g /1
- 9 .5 5 0  g /1
4 7 .4 0 0  g /1  
8 .8 0 0  g /1
49 .6 9 0  g /1
4 7 .4 9 0  g /1  
8.80C g /1
50 .560  g /1
2 .1 5 0  g /1  
48 .4 1 0  g /1
8 .8 5 0  g/1
0 .1 5 9  1 
1.653  g 
4B .960  g /)
2 .1 5 0  g /1
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Sam ple 5
'e2 concentration
icid concentration
= 4 6 .8 1 0  g /1  
= 6 .7 0 0  g /1
sam ple  \ 
sam p le  n
aqueous Pe c o n c e n t ra t io n  = 49 .7 6 0  g /1
F e3*  c o n c e n t ra t io n  = 2 .3 0 0  g /1
F ez+ c o n c e n t ra t io n  = 47 .4 6 0  g /1
a c id  c o n c e n t ra t io n  = 8 .750  g/1
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Sam ple 5
Fa* concentration
acid concentration
sam ple  volume 
sam ple  mass
aqueous Fe c o n c e n t ra t io n  
F e 3 c o n c e n tra t io n  
F e 2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
4 6 .6 1 0  s /1
8 . - 0 0  g /1
0 .1 6 2  1 
1 .596  g 
49 .7 6 0  g /1  
2 .3 0 0  g /1  
4 7 .4 6 0  g /1  
3 .7 5 0  g /1
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RUN 3
F e e d  C o n d itio n s
l iq u i d  f lo w ra te  
s o l i d  Fe f lo w ra te
0 .2 0 0  1/m in 
3 .2 3 6  g /m in
aqueous Fe c o n c e n t ra t io n  = 35 .4 8 0  g /1
F e3+ c o n c e n t ra t io n  = 23 .6 5 0  g /1
F e2 c o n c e n t ra t io n  = 11 .830  g /1
a c id  c o n c e n t ra t io n  = 4 .8 0 0  g /1
sam ple  volum e
aqueous Fe c o n c e n tra t ic  
F es c o n c e n t ra t io n  
F e1 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
= 45 .6 1 0  g /1  
= 7 .450  g /1
= 3 6 .1 6 0  g /1  
= 9 .600  g /1
sam ple  volum e 
sam ple mass 
aqueous Fe ccn c o n tr*
F e 3 c o n c e n t ra t io n  
F e 8^ c o n c e n t ra t io n  
a c id  c o n c e n tra t io n
= 4 5 .0 0 0  g /1  
= 7 .750  g /1
= 37 .2 5 0  g /1  
= 9 .7 0 0  g /1
sam ple volume 
sam ple  mass
aqueous Fe c o n c e n t ra t ic  
F c 1+ c o n c e n t ra t io n  
F e2 c o n c e n tra t io n  
a c id  c o n c e n t ra t io n
= 45 .6 6 0  g /1  
= 7 .900  g /1
= 37 .7 6 0  g /1  
<« 9 .7 5 0  g /1
Appendix 0. Experimental results
sam ple  volume
sam ple  mass = 1.801 g
aqueous Fe c o n c e n tra t io n = 45 .0 2 0  g /1
F e 3 c o n c e n t ra t io n = 8 .300  g /1
F e2* c o n c e n t ra t io n = 36 .7 2 0  g /1
a c id  c o n c e n t ra t io n = 9 .750  g /1
sam ple  volume 
sam ple  mass
aqueous Fe. c o n c e n tra t io n  
F e 1 c o n c e n tre  
F e2 conee r.ti-a  
a c id  c .o n ce n tra t
= 4 8 .0 4 0  g /1  
= 4 .0 0 0  g /1
= 4 4 .0 4 0  g /1  
= 9 .7 0 0  g /1
sam ple  volume 
sam ple mass
aqueous Fe c o n c o n tra t ic  
F e 1 c o n c e n t ra t io n  
Fe2* c o n c e n t ra t io n  
.acid c o n c e n t ra t io n
= 46 ,0 4 0  g /1  
= 4 .4 0 0  g /1  
= 43 .6 4 0  g /1  
= 9 .7 0 0  g /1
sam ple volume, 
sam ple  mass 
aqueous Fn concentr.- 
F e 1"1" c o n c e n t ra t io n  
F e2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
0..308 1 
1 .262  g 
47 .9 8 0  g /1
4 .5 0 0  g /1  
43 .4 6 0  g /1  
9 .7 5 0  g/1
sam ple  volume 
sam ple  mass
aqueous Fe r .o n c e i i t r a t i t  
F e2 c o n c e n t ra t io n
4 / .9 2 0  g /1
4 .5 0 0  g/1
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Fe2 concentration = 43,420 g/1
acid concentration = 9.700 g/l
Sam ple -5 sam ple  volum e = 0 ,2 1 3  1
sam ple m ass -  1 ,251  g
aqueous Fe c o n c e n t ra t io n  = 47 ,9 7 0  g /1
F e3"1" c o n c e n t ra t io n  = 4 ,2 5 0  g /1
F e1 c o n c e n t r a t io n  = 4 3 ,7 2 0  g /1
a c id  c o n c e n t ra t io n  = 9 ,6 5 0  g /1
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F eed  C o n d i tio n s
l i q u i d  f io w ra te  
s o l i d  F p f io w ra te
= 0 .2 5 0  1/m in 
=  3.251 g/m in
aqueous F e  c o n c e n t ra t io n  = 37 .9 8 0  g /1
'e* c o n c e n tra  - io n  
fe 1 c o n c e n t ra t io n  
ic id  c o n c e n t ra t io n
= 24 .500  g /1  
= 13 .480  g /1  
= 8 .700  g /1
sam ple  volume 
sam ple  mass
aqueous Fe c o n c e n trn t io i  
F e ’ c o n c e n t ra t io n  
F e1 c o n c e n tra t io n  
a c id  c o n c e n tra t io n
= 13 .000  g /1  
= 31 .7 0 0  g /1  
= 8 .7 0 0  g/1
sam ple  volume 
sam ple  mass
aqueous Fe c o n c e n tra t io n  
F e ’ c o n c e n tra t io n
c o n c e n tra t io i  
id  c o n c e n tra t io i
44 .6 1 0  g /1  
13 .650  g /1  
30 .960  g /1  
8 .7 5 0  g /1
aqueous F d c o n c o n trd t io r  
F e 5"1’ c o n c e n tra t io n  
F e 2 c o n c e n tra t io n  
a c id  c o n c e n tra t io n
: 0 .2 6 1  1 
» 1 .874  8 
'  4 4 .9 7 0  g /1  
= 12 .350  g /1  
= 32 .6 2 0  g /1  
= 8 .6 0 0  g /1
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Sample 4 sam p le  volume
sam ple  mass
aqueous Fe c o n c e n tra t io n  
F e 1 c o n c e n t ra t io n  
F e1 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
Sample 1 sam ple volume
sam ple mass
aqueous Fe c o n c e n tra t io n  
F e 1 c o n c e n t ra t io n  
F e 2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
Sample 2 sam ple volume
sam ple mass
a queous Fe c o n c e n t ra t io n  
F e2 c o n c e n t ra t io n  
F e 1 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
Sample 3 sam ple volume
sam ple mass
aqueous Fe. c o n c e n tra t io n  
F e ,+  c o n c e n t ra t io n  
F e2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
sam ple volume 
sam ple  mass
aqueous Fc c o n c e n tra t io n  
F e2 c o n c e n t ra t io n
= 0 .2 4 6  1
= 1 .7 4 3  g 
= 4 5 .0 2 0  g /1  
=  12 .4 5 0  g /1  
=  3 2 .5 7 0  g /1  
= S .650 g /1
= 46 .6 1 0  g /1  
= c .550  g /1  
= 38 .0 6 0  g /1  
= 6 .7 0 0  g /1
= 4 6 .4 9 0  g /1  
= 8 .5 5 0  g /1  
= 37 .9 4 0  g /1  
= 8 .5 0 0  g /1
= 4 7 .3 2 0  g /1  
=  9 .0 0 0  g /1  
= 3 8 ,3 2 0  g /1  
= 8 .6 5 0  g /1
= 5 5 .6 5 0  g /1  
-  9 .0 0 0  g /1
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Sample 5
F e 2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
sam ple  volume 
sam ple moss
aqueous Fe c o n c e n t ra t io n  
F e3 c o n c e n tra t io n  
F e2 c o n c e n t ra t io n  
a c id  c o i ic e n tv a tio n
4 6 .6 5 0  g /1
8 .7 0 0  g /1
47 .0 9 0  g /1  
8 .4 0 0  g /1  
38 .6 9 0  g /1
8 .7 0 0  g /1
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l i q u i d  f lo w ra te
3 .117  g /m in  
17.720 g/1
24.800 g/1
aqueous Fe c o n c e n t : .
Sam ple 1 ;am ple v o li
25.451. g /1  
9 .1 0 0  g /1
Sam ple 2 sam p le  volume 
sam ple  mass 
aqueous Fe c o iic e n m 't 43 .5 7 0  g /1  
14 .300  g /1
29 .570  g /1
Sample 3
sam ple  mass = 1 .622  g
aqueous Fe c o n c e n tra t io n  -  43 .6 6 0  g /1
F e 3"*" c o n c e n t ra t io n  = 14 .750  g /1
F e 2+ c o n c e n t ra t io n  = 29 .110  g /1
a c id  c o n c e n t ra t io n  *  9 .1 5 0  g /1
A ppendix 0 . E x p e r im e n ta l r e s u l t s
Sam ple 1 
Sam ple 2 
Sam ple 3
sam ple  volum e = 0 ,2 9 0  1
sam ple mass = 1 .617  g
a queous Fe c o n c e n t ra t io n  = 43 .1 0 0  g /1
F e3 c o n c e n t ra t io n  = 15 .500  g /1
F e1 c o n c e n t ra t io n  = 27 .600  g /1
a c id  c o n c e n t r a t io n  = 9 .1 0 0  g /1
sam ple  volume =  0 .3 0 6  2
sam ple mass = 1 .066  g
aqueous Fe c o n c e n t r a t io n  = 45 .3 4 0  g /1  
F e 1+ c o n c e n t ra t io n  = 11 .250  g /1
Fe2+ c o n c e n t r a t io n  = 34 .090  g /1
a c id  c o n c e n t ra t io n  = 9 .2 0 0  g /1
sam ple volum e = 0 .3 2 0  1
sam ple m ass = 0 .9 6 3  g
aqueous Fe c o n c e n t ra t io n  = 4 5 .8 6 0  g /1  
F e ,+  c o n c e n t r a t io n  = iO.oGC g /1
F e2* c o n c e n t ra t io n  = 35 .260  g /1
a c id  c o n c e n t r a t io n  = 9 .150  g /1
sam ple  volum e = 0 .3 0 0  1
sam ple mass = 1.037 g
aqueous Fe c o n c e n t r a t io n  = 4 5 .4 9 0  g /1  
F e3+ c o n c e n t ra t io n  = 11 .300  g /1
F e 2+ c o n c e n t r a t io n  = 34 .190  g /1
a c id  c o n c e n t ra t io n  = 9 .1 5 0  g /1
sam ple volum e = 0 .335  1
sam ple  mass = 0 .9 7 0  g
a queous Fe c o n c e n t ra t io n  = 46 .3 8 0  g /1  
F e ,+  c o n c e n t ra t io n  = 10 .450  g /1
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Sample 5
Fe2+ concentration
acid concentration
sam ple  volume 
sam ple  mass
aqueous Fe c o n c e n tra t io n  
F e I+  c o n c e n t ra t io n  
F e i+  c o n c e n tra t io n  
a c id  c o n c e n t ra t io n
35 .9 3 0  g /1  
9 .1 0 0  g /1
45 .7 1 0  g /1  
11 .300  g /1  
34 .4 1 0  g /1  
9 .0 5 0  g /1
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RUN 6
F e e d  C o n d itio n s
l iq u i d  f lo w ra te  = 0 .5 0 0  1/roin
s o l i d  Fe f lo w ra te  = 3 . g/ mi n
aqueous Fa c o n c e n t r a t io n  = 37 .170  g /1
F e 1 c o n c e n t r a t io n  = 24 .600  g /1
F e z+ c o n c e n t r a t io n  = 12 .570  g /1
a c id  c o n c e n t ra t io n  = 9 .400  g/1
Sample 1 sam p le  volumi
sam ple  mass
aqueous Fe c o n c e n tra t io n  
F e 1 c o n c e n t ra t io n  
F e2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
Sample 2 sam p le  volume
sam ple  ma-.s
aqueous Fe c o n c e n tra t io n  
F e 2"1" c o n c e n t ra t io n  
F e1+ c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
Sam ple 3 sam p le  volume
sam ple  mass
a queous Fe c o n c e n tra t io n  
F e 3 c o n c e n t ra t io n  
F e2 c o n c e n tra t io n  
a c id  c o n c e n t ra t io n
4 0 .6 4 0  g /1  
18 .650  g /1  
2 1 .9 9 0  g /1
4 0 .4 5 0  g /1  
39 .0 0 0  g /1
21 .4 5 0  g /1  
9 .4 0 0  g /1
40 .2 1 0  g /1  
19 .500  g/1  
20 .7 1 0  g /1  
9 .3 5 0  g /1
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Sample .
sam ple  volume = 0 .255  1
sam ple  mass = 0 .887  g
aqueous Fe c o n c e n t ra t io n = /-0 .540  g /1
F e 1 c o n c e n t ra t io n - 13 .250  g /1
F e 1 c o n c e n t ra t io n = 21 .290  g /1
a c id  c o n c e n tra t io n = 9 .3 0 0  g /1
sam p le  volume = 0 247 1
sam ple  mass
aqueous Fe c o n c e n t ra t io n = 41 .9 0 0  g /1
F e5 c o n c e n t ra t io n = l o . 200 g /1
F e2+ c o n c e n t ra t io n = 25 .700  g /1
a c id  c o n c e n t ra t io n =  9 .3 0 0  g /1
sam ple  volume = 0 .257  1
sam ple  mass = 0 .6 2 4  g
aqueous Fe c o n c e n t ra t io n =  41 .4 4 0  g /1
Fo5+ c o n c e n t ra t io n = 17 .000  g /1
F ea+ c o n c e n t ra t io n = 24 .440  g /1
a c id  c o n c e n t ra t io n .
sam ple volum e = 0 .255  1
sam ple  mass = 0 .5 8 3  g
aqueous Fe c o n c e n t ra t io n = 41 .130  g /1
F e 3"1" c o n c e n t ra t io n = 16 .350  g /1
F t 1 c o n c e n t ra t io n = 2u .780  g /1
a c id  c o n c e n t r a . io n = 9 .250  g /1
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F e e d  C o n d itio n s
l iq u i d  f lo w n = 1 .000  3//Bin
= 3 .219  fi/m in
aqueous Fe c o n c e n t ra t io n  = 35 .550  g /1
F e 3 c o n c e n tra t io n  
F e ’ 4" c o n c e n tra t io n  
a c id  c o n c e n tra t io n
= 23 .700  g/1 
= 21 .850  g /1  
= 0 .5 0 0  g /1
sam ple  volume 
sam ple  mass
aqueous Fe c o n c o n tr a t ic  
F e ? c o n c e n tra t io n  
Fe2 c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
= 37 .6 2 0  g /1
'  2 1 .8 0 0  g /1
'  15 .820  g /1  
= 9 .5 0 0  g /1
sam ple volume 
sam ple  mass
aqueous Fe c o n c e n tra t ic  
F e 3 c o n c e n t ra t io n  
F e1 c o n c e n t ra t io n  
a c id  c o n c e n tra t io n
= 36 .370  g /1  
= 21 .7 5 0  g /1  
' 14 .620  g /1  
‘ 9 .5 5 0  g /1
sam ple  volume 
sam ple  mass
aqueous Fe c o n c e n tra t io n  
F e 3 c o n c e n t ra t io n  
F e1+ c o n c e n t ra t io n  
a c id  c o n c e n t ra t io n
37 .3 3 0  g /1  
: 21 .6 5 0  g /1  
: 15 .680  g /1
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sam ple  x'oJume *  0 .257  1
sam ple  m ass *  0 .438  g
aqueous Fe c o n c o n t r a t io n  = 37 .0 0 0  g /1
F e5 c o n c e n t r a t io n  = 20-800  g /1
F e J+ c o n c a n L ra tio n  = 16 .200  g /1
a c id  c o n c e n t ra t io n  ■■ 9 .450 g /1
sam ple  volum e *  0 .259  1
sam ple m ass = 0 .429  g
aqueous Fe c o n c e n t ra t io n  = 37 .400  g /1
F e3+ c o n c e n t ra t io n  = 20 .600  g /1
Fe5 c o n c e n t r a t io n  -  26 .800  g /1
a c id  c o n c e n t r a t io n  a  9 .5 5 0  g /1
I f  '4
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A PPEN D IX  P . NOMENCLATURE
exposed  s u r f a c e  u re a  o f  p a r t i c l e  o f  s i z e  1 
f r a c t i o n a l  c o n v e rs io n  in  ta n k  1 
p o t e n t i a l
s ta n d a r d  e q u i l ib r iu m  p o te n t i a l
F a r a d a y 's  c o n s ta n t
f r a c t i o n  o f  p a r t i c l e s  i n  ta n k  1 w ith
s i z e s  be tw een  t  and l+dZ
c u r r e n t  d e n s i ty
exchange c u r r e n t  d e n s i ty
exchange c u r r e n t  d e n s i ty  in d e p en d e n t
o f  c o n c e n t ra t io n
r a t e  c o n s ta n t  in  ta n k  i
c h a r a c t e r i s t i c  p a r t i c l e  s i z e
|m ( i ) / p ] 1 /3
m ass o f  s in g l e  p a r t i c l e  o f  s i z e  t  
no , o f  ta n k s
no . o f  p a r t i c l e s  i; ,  ta n k  i  p e r  u n i t  volume 
o f  s o lu t io n
v o lu m e tr ic  f lo w ra te  o f  s o lu t io n  
gas c o n s ta n t
V * *
ro s id e n c e  
w ith  the- s o l ' i t i o n
p a r t i c l e  g row th  ra te , in  ta n k  i
volume of Lank i 
no . v f  e l e c t r o n s  t r a n s f e r r e d
tii r i i  o f  p a r t i c l e  in  c o n ta c t
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d e n s i ty  o f  p a r t i c l e  
shape  f a c to r
a ( $ . ) / t 2
q u a n t i ty  de p en d a n t on c h em ic a l and p h y s ic a l  
p r o p e r t i e s  o f  th e  s o lu t io n  e n v ironm en t i n  ta n k
m o le c u la r  w e ig h t o f  d i s s o l v in g  s p e c ie s  
|  I  f^ lO d fc
I e zf . ( £ ) d i  
J o  1
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